Development of Strategies to Minimize the Release of Trace Elements from Coal Waste Sources by Rezaee, Mohammad
University of Kentucky 
UKnowledge 
Theses and Dissertations--Mining Engineering Mining Engineering 
2012 
Development of Strategies to Minimize the Release of Trace 
Elements from Coal Waste Sources 
Mohammad Rezaee 
University of Kentucky, m.rezaee98@gmail.com 
Right click to open a feedback form in a new tab to let us know how this document benefits you. 
Recommended Citation 
Rezaee, Mohammad, "Development of Strategies to Minimize the Release of Trace Elements from Coal 
Waste Sources" (2012). Theses and Dissertations--Mining Engineering. 6. 
https://uknowledge.uky.edu/mng_etds/6 
This Master's Thesis is brought to you for free and open access by the Mining Engineering at UKnowledge. It has 
been accepted for inclusion in Theses and Dissertations--Mining Engineering by an authorized administrator of 
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 
STUDENT AGREEMENT: 
I represent that my thesis or dissertation and abstract are my original work. Proper attribution 
has been given to all outside sources. I understand that I am solely responsible for obtaining 
any needed copyright permissions. I have obtained and attached hereto needed written 
permission statements(s) from the owner(s) of each third-party copyrighted matter to be 
included in my work, allowing electronic distribution (if such use is not permitted by the fair use 
doctrine). 
I hereby grant to The University of Kentucky and its agents the non-exclusive license to archive 
and make accessible my work in whole or in part in all forms of media, now or hereafter known. 
I agree that the document mentioned above may be made available immediately for worldwide 
access unless a preapproved embargo applies. 
I retain all other ownership rights to the copyright of my work. I also retain the right to use in 
future works (such as articles or books) all or part of my work. I understand that I am free to 
register the copyright to my work. 
REVIEW, APPROVAL AND ACCEPTANCE 
The document mentioned above has been reviewed and accepted by the student’s advisor, on 
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of 
the program; we verify that this is the final, approved version of the student’s dissertation 
including all changes required by the advisory committee. The undersigned agree to abide by 
the statements above. 
Mohammad Rezaee, Student 
Dr. Frank E. Huggins, Major Professor 
Dr. Thomas Novak, Director of Graduate Studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Development of Strategies to Minimize the Release of Trace Elements from Coal Waste 
Sources 
 
 
 
 
THESIS 
 
A thesis submitted in partial fulfillment of the 
requirements for the degree of Master of Science in Mining Engineering 
in the College of Engineering 
at the University of Kentucky 
 
By 
Mohammad Rezaee 
 
Lexington, Kentucky 
 
2012 
 
 
 
 
Copyright © Rezaee Mohammad 2012 
 
 
 
 
 
 
 
 
ABSTRACT OF THESIS 
 
 
 
 
 
Development of Strategies to Minimize the Release of Trace Elements from Coal Waste 
Sources 
 
To assess strategies aimed at minimizing the release of trace elements and the impact of 
disposal of coal waste materials on the environment, two long-term leaching experiments 
of up to five months duration were performed using waste materials from two plants 
cleaning high and low sulfur bituminous coal. The tests evaluated the mobility of major 
trace elements under different disposal scenarios: (i) a static leaching test designed to 
simulate the quiescent conditions encountered by coal waste material stored under water 
in a stable impoundment, and (ii) a dynamic test to simulate waste materials exposed to 
the atmosphere, either in variable wet/dry storage conditions, or in unusual circumstances 
like those resulting from breaching of an impoundment containment wall. The results 
indicate that different refuse streams have different leaching characteristics due to 
difference in their mineralogy and the mobility of most elements is enhanced under 
highly alkaline or acidic conditions with a few being mobilized under both conditions, 
suggesting that the minimization of element mobility requires the pH value of the 
medium to be maintained around neutral. In addition, most of heavy metals were 
associated with the illite and pyrite minerals. Two strategies of treating coal refuse were 
evaluated: fly ash mixed with coarse refuse and co-disposal of coarse and fine refuse. 
Both methods were found to neutralize the pH conditions and thus reduce mobility of the 
trace elements in static leaching tests whereas the opposite was found from dynamic 
experiments. The results indicate that such controlled storage under water could retard 
acid generation and the mobility of trace elements.  
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1 INTRODUCTION 
 
Trace elements generally refer to elements present in a natural material at concentrations 
below 1000 ppm. Most of the trace elements of environmental concern in coal (e.g. As, 
Cr, Se, etc) are mineral-associated and therefore tend to be enriched in refuse from coal 
cleaning operations. As a result, the behavior of trace elements in coal cleaning waste 
streams must be well understood in disposal situations, particularly with the aim of 
protecting ground water quality. Illite and pyrite are generally the two major coal 
minerals that contain most of the heavy metals in eastern U.S. bituminous coals. The clay 
mineral, illite, typically contains most of the lithophilic trace metals such as vanadium 
and chromium, whereas the sulfide mineral, pyrite, typically controls the behavior of 
chalcophilic elements such as arsenic, selenium, mercury and lead. A number of other 
metals, such as manganese, nickel and zinc, may have a mixed association with both of 
these minerals (Huggins et al., 2009). Therefore, these two minerals typically host most 
of the trace elements that are subject to federal and state regulations and statutes, such as 
the Clean Air Act Amendments (U.S. Congress, 1990), and may be of concern as a result 
of possible mobilization from coal waste sources. The behavior of illite and pyrite in coal 
cleaning processes determines to a large extent how much and with what tailings fraction 
heavy metals and other trace elements are distributed in coal wastes.  
 
The oxidative weathering of pyrite has the potential to degrade water quality, yielding 
high acidity and mobilization of metals in concentrations that exceed water quality 
standards (Moses, 1990). The weathering of pyrite can yield highly acidic waters even 
when initiated in waters of near-neutral pH. “On the other hand, pyrite weathering does 
not always produce very high levels of acidity or metals because of pH buffering by 
natural chemical or biological processes, such as carbonate mineral dissolution” (Toran, 
1987; Nicholson et al., 1988) or bacterial  reduction (Herlihy et al., 1988; Moses, 1990). 
Also Huggins et al. (2011) in their study of leaching of rejects of Illinois based coal 
concluded that the dissolution of first Na and then Ca, which give rise to the formation of 
insoluble sulfate minerals such as jarosite and gypsum, and other alkaline earth elements 
is an effective buffer that maintains the pH of the leachates close to neutral and 
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minimizes mobilization of iron and trace metals associated with pyrite (Evangelou and 
Zhang, 1995; Moses and Herman, 1991, Huggins et al, 2011).  
Such observations suggest that leaching of heavy metals can be repressed by enhancing 
the buffering capacities of the waste materials in impoundments and other refuse streams. 
Clearly, one strategy to enhance such capability would be to add alkali or alkaline-earth 
buffering capability like lime or fly ash to the impoundment, (Jastrow et al., 1981, 
Stewart et al., 1997, Hassett et al., 2005), but it is likely to add significantly to the cost of 
the disposal and storage of the cleaning rejects and related combustion wastes as well as 
increase the mass of material in the impoundment. A better cost strategy would be to 
modify coal cleaning processes and/or storage practices to maximize the buffering 
capability of the waste materials and thereby repress the leachability of heavy metals 
from coal refuse streams.  
 
This project was designed to investigate possible modifications that could be made to 
coal cleaning processes and waste disposal strategies to minimize trace element mobility 
from coal cleaning rejects and/or combustion fly-ash. In this research, we investigated (i) 
how to modify rejects from coal cleaning to enhance the buffering capabilities of 
leachable alkali and alkaline earth metals so as to minimize the rates of leaching of 
hazardous trace metals; and (ii) to discover possible synergistic and antagonistic effects 
between the leaching of metals in fly-ash and coal cleaning rejects so as to identify coal-
cleaning and waste disposal strategies that might be used to minimize the rates of 
leaching of metals from these materials.  
 
The work plan for this research was divided into eight specific tasks: 
 Task 1: Sampling and collection of suitable amounts of coal, coal rejects, and fly-
ash;  
 Task 2: Reduction and preparation of coal, coal rejects, and fly-ash samples for 
analysis, coal cleaning, and leaching experiments;  
 Task 3: Coal preparation tests to prepare different fractions of the coal and coal 
rejects by advanced gravity separation or other methods;  
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 Task 4: Submission of fly-ash, coal, rejects and various fractions for analysis of 
coal properties, ash chemistry, mineralogy and trace metal contents; 
 Task 5: Construction of additional bench-scale apparatus for baseline and column  
leaching experiments;  
 Task 6: Conduct first set of leaching experiments on coal rejects and fly-ash 
separately;  
 Task 7: Preparation of mixtures of coal rejects and fly-ash for second set of 
leaching experiments;  
 Task 8: Conduct second set of leaching experiments on coal rejects and fly-ash 
mixtures. 
 
In this thesis, after stating the purpose, goals and objectives of the research program, a 
literature review is provided which introduces the potentially hazardous trace elements, 
the techniques and methods used to set up experiments and processes to data from the 
analytical equipment. Afterwards, all the results of the research are discussed and then 
conclusions are drawn and recommendations for future work are provided. 
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2 LITERATURE REVIEW: TRACE ELEMENTS 
 
2.1 Introduction 
 
Coal mining has been an important source of fuel and energy in the United States with an 
estimated 250 billion tons of recoverable resources in North America alone (EIA, 2007). 
In order to utilize coal and increase its combustible recovery, the waste components, 
which consist largely of incombustible mineral matter, are separated from the coal by 
coal cleaning process. The generated refuse material from the cleaning process must be 
stored or disposed of in an environmentally acceptable manner as specified by existing 
federal and state environmental regulations and permits. According to the U.S. 
Department of Energy, 92% of coal consumed in 2003 was used for electricity 
generation, and that share is expected to rise to 94 percent by 2025. 
 
The products of both coal cleaning and utilization are covered under several federal and 
state regulations and statutes such as the 1990 Clean Air Act Amendments (CAAA), the 
Clean Water Act (1977), the Safe Drinking Water Act (1974), the Migratory Bird Treaty 
Act (1918), the Endangered Species Act (1973), the 1976 Resource Conservation and 
Recovery Act (RCRA), and 2005 Clean Air Interstate Rule (CAIR), and A Field-Based 
Aquatic Life Benchmark for Conductivity in Central Appalachian Streams (2011). Some 
regulations are specific to coal mining such as the Federal Mine Safety and Health Act 
(1977) and the Surface Mining and Reclamation Act of 1977 (SMCRA).  
 
Of particular interest to the coal mining industry, the Clean Air Act Amendments 
(CAAA) of 1990 identified eleven trace elements and their compounds commonly found 
in coal as potentially “hazardous air pollutants” (HAPs). These selected elements are 
listed in the Table 1.1. The range of values for each element includes a collection of data 
from different coal seams and locations with the concentrations expressed as a geometric 
mean of those ranges. 
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Table 2.1. US EPA Selected elements classified as HAPs under 1990 CAAA  
(Davidson and Clark, 1996). 
Element Symbol Concentration (µg/g) Ranges (µg/g) 
Beryllium Be 2 0.1 – 15 
Chromium Cr 20 0.5 – 60 
Manganese Mn 70 5 – 300 
Cobalt Co 5 0.5 – 30 
Nickel Ni 20 0.5 – 50 
Arsenic As 10 0.5 – 80 
Selenium Se 1 0.2 – 10 
Cadmium Cd 0.5 0.1 – 3 
Antimony Sb 1 0.05 – 10 
Mercury Hg 0.1 0.02 – 1 
Lead Pb 40 2 – 80 
 
The federal mandates in Titles III and IV of the Clean Air Act Amendments of 1990 have 
placed increasingly stringent demands on the type and grade of coal that can be burnt in 
an environmentally acceptable manner. This has increased the push for advanced 
cleaning prior to supply to utility companies. The removal of impurities during cleaning 
significantly reduces the amount of Hazardous Air Pollutants (HAPs) and this contributes 
to an effective reduction in emissions during coal firing in the power plant. The waste 
products of coal cleaning typically consist of quartz, clays and pyrite. While the 
emissions from coal-fired power plants are subject to further emission control devices 
that eliminate HAPs from the flue gases to required standards by the US Environmental 
Protection Agency (EPA), fly ash, the waste generated by the preparation plant, is 
typically disposed of in tailings impoundments.  
 
The tailings generated from coal preparation processes are generally exposed to air and 
water. The interaction of pyrite and other sulfide minerals in the tailings with air and 
water leads to the production of iron sulfate and oxyhydroxide minerals and sulfuric acid. 
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The acidic conditions generated from such mineral systems enhance the solubility of both 
major and trace elements in the tailings. The mobilization of such elements may create 
significant problems if allowed to get in contact with the local natural groundwater. 
(Seidu, 2008) 
 
2.2 Trace elements 
 
2.2.1 Introduction 
 
Trace elements are defined as elements with concentration in most coals less than 1000 
ppm (µg.g
-1
) in dry coal, as expected for naturally occurring materials formed under 
varying conditions over a long period. 
 
In addition to the environmental aspect of trace elements, there are several other reasons 
to work on coal trace elements. During coal mining some trace elements may be 
mobilized, especially under oxidizing conditions which affect pyrite, thereby producing 
acid conditions. (Swaine, 1978a) This redistribution of trace elements might result in 
changing the concentrations of some trace elements in nearby surface and underground 
waters and in the overburden. These possible changes should be considered when 
rehabilitation of an area is undertaken, especially in the case of pastures and grazing 
animals, where deficiencies or excess of some elements may be problematic. They may 
also lead to significant risks to aquatic and semi-aquatic organisms. Such effects could be 
either as subtle as minor physiological changes or as drastic as extirpation of entire 
populations.  (Rowe et al., 2002)  
 
Trace elements also are related to several practical situations like: the requirement of less 
than 2 ppm boron in carbon used as a moderator in nuclear reactors (Hutcheon, 1953), the 
interest in boron in certain steels is due to its effect on mechanical properties (Borrowdale 
et al, 1953), and also embrittlement in steel due to arsenic and phosphorus. (Kurmanov et 
al., 1957; Steven and Balajiva, 1959). Coal and fly ash also could be the source of several 
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elements like: germanium (Goldschmidt, 1930 and 1935), gallium (Inagaki, 1956), 
selenium (Goldschmidt, 1954), cobalt (Kuhl, 1957), uranium (Berkovitch, 1956).   
 
Trace elements of environmental concern are listed under both the 1990 CAAA and the 
1976 RCRA statutes. Swaine (1990) also provides an assessment of the environmental 
hazard posed by specific trace elements during coal utilization. The listing in Table 2.1 
shows a group of 7 trace elements categorized as “prime interest” (As, Cd, Cr, Pb, Hg, 
Ni, and Se), followed by a group of 6 of intermediate priority (Sb, Be, Co, Mn, Th and U) 
and the remaining 11 of lesser concern. 
 
Also PECH (1980) categorized the elements into the following six groups: 
a) Elements of greatest concern (As, B, Cd, Hg, Mo, Pb, Se); 
b) Elements of the moderate concern (Cr, Cu, F, Ni, V, Zn); 
c) Elements of minor concern (Ba, Br, Cl, Co, Ge, Li, Mn, Sr); 
d) Radioactive elements, these are generally considered to be of minor concern, but 
adequate information is lacking for a proper assessment, (Po, Ra, Rn, Th, U); 
e) Elements of concern but “with negligible concentration in coal and coal  residues” 
(Ag, Be, Sn, Tl); 
f) Elements of “no immediate concern”. 
 
 
 
 
 
 
 
 
 
Table 2.2. Trace elements of environmental concern in coal utilization 
Element 1976 RCRA 1990 CAAA Swaine’s Assessment (1990) 
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“Prime Interest” “Some Interest” 
Antimony, Sb  Yes  Yes 
Arsenic, As Yes Yes Yes  
Barium, Ba Yes    
Beryllium, Be  Yes  Yes 
Boron, B    Yes 
Cadmium, Cd Yes Yes Yes  
Chlorine, Cl    Yes 
Chromium, Cr Yes Yes Yes  
Cobalt, Co  Yes  Yes 
Copper, Cu    Yes 
Fluorine, F   Yes  
Lead, Pb Yes Yes Yes  
Manganese, Mn  Yes  Yes 
Mercury, Hg Yes Yes Yes  
Molybdenum, Mo    Yes 
Nickel, Ni  Yes Yes  
Selenium, Se  Yes Yes  
Silver, Ag Yes    
Thallium, Tl    Yes 
Thorium, Th  Yes  Yes 
Tin, Sn    Yes 
Uranium, U  Yes  Yes 
Vanadium, V    Yes 
Zinc, Zn    Yes 
*Elements in bold occur on at least two lists, including Swaine’s “prime” interest list, 
elements in italics occur in two lists, including Swaine’s “some” interest list. 
 
 
2.2.2 Origin of trace elements 
 
10 
 
The origin of trace elements in coal is in part attributable to the peat formation stage, in 
which the uptake of certain elements by plants are removed by ion exchange from swamp 
water, and in part to some mineral matters added from incoming waters and the 
atmosphere, and minerals formed in situ. Additions of minerals depend on some factors 
like the types of the nearby rocks, weathering and the means of transport to the peat area, 
and changes in pH, which can enhance the retention or removal of trace elements. (Cohen 
et al. 1987; Baas Becking et al., 1960; Cecil et al. 1982; Cairncross and Cadle, 1988). It is 
clear that trace elements in coal have been influenced over long period of time by 
botanical, geological, biological, biochemical and chemical sources. (Swaine, 1990). As a 
result, the mode of occurrence of trace elements could be both mineral associated and 
organic associated. (Smyth, 1966; Finkelman 1981, 1982, 1988, and 1994; Cecil et al., 
1981; Harvey and Demaris, 1987; Swaine, 1990).  
 
2.2.3 Mode of occurrence of trace elements 
 
The mode of occurrence is an important factor in determining the behavior of a given 
element during cleaning processes and many researchers have worked on how elements 
partition among different fractions in coal cleaning processes. Figure 1 classifies the 
modes of occurrence of trace elements in coal (Clarke and Sloss, 1992; Vejahati et al., 
2010). 
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Figure 2.1. Mode of occurrence of trace elements 
Querol et al. (1995) performed an extensive study on trace element distributions in both 
coals and wastes. Table 2.3. shows the summary of their funding (Vejahati et al., 2010). 
 
Table 2.3. Trace elements distribution in coal 
Affinity 
Mineral 
Group Mineral Type Elements 
         
Inorganic 
Clay 
minerals 
and 
feldspars 
Kaolinite 
 
Illite 
 
Al. Ba, Bi, Cr, Cs, Cu, Ga, K, Li, Mg, Na, Ni, P, 
Pb, Rb, Sn, Sr, Ta, Th, Ti, U, V, Y, and rare 
earth elements 
 
  Montmorillonite                     
 
Iron 
sulfides 
Pyrite (marcasite) As, Cd, Co, Cu, Fe, Hg, Mo, Ni, Pb, 
S, Sb, Se, Ti, W and Zn         
 
  Sphalerite                     
 Carbonates 
Calcite, Dolomite, 
Ankerite, Siderite Ca, Co, Mn                 
 
Sulphates - Ba, Ca, Fe, and S                 
 
Heavy 
minerals 
Tourmaline 
B                   
Organic 
N, S, Be, B, Ge, V, W, and Zr (B exhibits partial association with 
tourmaline in the heavy fraction, and V with clay minerals)       
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Trace elements are usually associated with one or other of the major minerals, pyrite or 
illite. These minerals are usually targeted for removal in coal cleaning processes in order 
to reduce the coal sulfur and ash contents and they typically host many of the trace 
elements (As, Cr, Mn, Ni, Se, etc.) that are considered hazardous. One of the first 
systematic methods to determine elemental modes of occurrence is interpretation of 
analytical data on trace elements in raw coals and in fractions prepared from the coals by 
float-sink methods (Zubovic, 1966; Gluskopter et al., 1977; Wang et al., 2009). These 
data are usually presented in the form of washability curves, which show variations in the 
concentration of elements as a function of the specific gravity of the separated fraction. 
Zubovic (1966) used “organic affinity” of an element as a tool which is basically a 
measure of the degree of association of an element with the organic fraction of the coal. 
Gluskoter et al. (1977) also used washability curves and organic affinity to determine 
elemental occurrences in a wide range of U.S. coals. Because of the different washability 
characteristics of the coals, values for organic affinity for a given element in different 
coals have little or no basis for comparison. Furthermore, sequential leaching methods 
results, in which fractions are created chemically rather than physically, armed with 
quantifying coal mineralogy by X-ray diffraction (XRD) with Rietveld analysis (Mandile 
and Hutton, 1995; Dale et al., 1997; Huggins et al., 1996, and 2002) , automated scanning 
electron microscopic methods (see reviews by Skorupska and Carpenter, 1993; Huggins, 
2002), or by results of  speciation of a number of elements has been determined by X-ray 
absorption fine structure (XAFS) spectroscopy (Huggins et al., 1993, and 1996) may be 
helpful to obtain quantitative mineralogical information and determination of trace 
element behavior in physical coal fractionation methods (Huggins et al., 2002, 2008, and 
2011). 
 
The individual trace elements specifically listed in CAAA (1990) and their mode of 
occurrence in coals are discussed here. 
 
2.2.3.1 Antimony 
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The presence of antimony (Sb) in coal seams was reported by Daubree in mid-nineteenth 
century (Briggs, 1934) and it is often determined nowadays, although at its typically low 
concentrations found in coals it is not considered to be environmentally hazardous.  
 
Metal smelting, waste incineration and coal combustion, or emissions from some 
volcanoes are the main source of Sb in the atmosphere (Austin and Millward, 1988; 
Cadle et al., 1973). The mode of occurrence of antimony is not well established, but 
organic association prevails in many coal seams, together with a sulfide association, 
which may predominate in others. In some coals, Sb was presented as small grains of 
sulfide, possibly stibnite, which could be associated with organic coal matter (Finkelman, 
1981), and therefore, having organic association. Calculated by Sobbioni et al. (1983), 
mean value of Sb in USA is 0.7 ppm, which is usually much smaller than the mean of Sb 
for other reported countries except Australia with mean value of 0.5 ppm. (Swaine, 1990)    
 
1.1.1.1. Arsenic 
 
Before there was interest in trace elements, arsenic (As) was found in some of European 
coals (Daubree, 1858; Percy 1875), but Goldschmit and Peters (1934) were the first 
researcher to carry out much investigation on this element.  The range of As contents may 
vary from 1 ppm to several hundred ppm in coal seams (Minkkinen and Yliruokanen, 
1978). The mean value of arsenic content in US coals, calculated by Sabbioni et al. 
(1983), is 14 ppm which is high compared to other countries like Australia (1.5 ppm), 
South Africa (4 ppm), and 11 ppm for coals burnt in nine EC countries. 
 
The mode of occurrence of arsenic in coal is predominantly an association with pyrite. 
Arsenopyrite (FeAsS),  as in clay minerals and organically bound As are generally much 
 less common forms. Recent studies of arsenic using XAFS spectroscopy on bituminous 
and higher rank coals (Huggins et al., 1993) showed distinct occurrence of As in pyrite 
within a concentration range of 10-2000ppm. The recorded XAFS data showed that most 
of the As was present as arsenical pyrite, in which arsenic substitutes for sulfur in the 
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pyrite (FeS2) structure. Furthermore, XAFS distinguishes As in pyrite from As in 
arsenopyrite, FeAsS (Huggins et al., 1993; Huffman et al., 1994). Examination of 
numerous coal samples indicated the presence of arsenical pyrite rather than arsenopyrite. 
Their other findings showed the presence of the arsenate [AsO4
3-
] species in coal and that 
such arsenate species accumulated over time as a result of oxidation of pyrite. In 
summary, they stated that arsenic in bituminous coals occurs principally as a substitution 
for sulfur in the pyrite structure, and significant arsenate may also be present as a result 
of the oxidation of arsenic-containing pyrite (Seidu, 2008). 
  
2.2.3.2 Beryllium  
 
After the initial investigation of Be in some German coals by Goldschmit and Peters 
(1932), there was a gap of knowledge and research on this element until results of 
Canadian (Hawley, 1955) and US coals (Stadnichenko, Zubovic and Sheffy, 1961) were 
published. For US coals, Be contents from 0.05 to 32 ppm have been reported (Swaine, 
1990). Generally Be is considered an organically associated trace element, although in 
some coals, Be may be present as beryl or associated with quartz and clay (Singh, Singh 
and Chandra, 1983). 
  
2.2.3.3 Cadmium 
 
While there may be some beneficial effects of cadmium (Cd) in nutrition, Cd is now an 
element of prime environmental concern and therefore the levels of Cd in coal and coal 
related materials are of interest (Swaine 1990). The first information on Cd was reported 
in German coal ashes (Jensch, 1887). In general the main mode of occurrence of Cd in 
most coal seems is an association with mineral matter in coal; typically it replaces Zn in 
the mineral sphalerite (ZnS), but other minor mineral associations, clay and carbonate 
minerals as well as pyrite may occur. (Gluskoter et al., 1977; Gluskoter and Lindahl, 
1973; Finkelman, 1994). Most coals have Cd contents in the range of 0.1 - 3 ppm, while 
Swanson et al. (1976) reported a mean value of 1.3 ppm for U.S. coals.  
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2.2.3.4 Chromium 
 
Chromium is an vital trace element which is required for normal carbohydrate 
metabolism (Anderson, 1981).The hexavalent state, Cr(VI), is the only form that is 
considered toxic. The trivalent state, Cr(III), found in almost all coal seams is not toxic. 
Chromium is regarded as a potentially hazardous element in coal-derived fly-ash mainly 
because a portion of the concentration may be in the hexavalent oxidation state (Meij and 
te Winkel, 2001; US EPA, 2009). In U.S. coals of bituminous rank, chromium is 
generally present in one of two trivalent chromium forms: as a minor component in clay 
minerals, such as illite, or as small-particle oxide or oxyhydroxide minerals associated 
with the organic macerals (Huggins et al., 2000). This latter species are postulated to 
have derived from Cr(III) bonded to carboxyl groups, which have decomposed as the coal 
experienced increasing metamorphism (coalification) (Huggins and Huffman, 2004). 
Occasionally, Cr in coal may also be found in oxide (spinel) phases, especially in coals of 
above average Cr contents; such occurrences, however, appear limited to situations in 
which weathering-resistant chromium minerals, such as chromite, have been transported 
into coal-forming environments from nearby ultramafic deposits (Brownfield et al., 1995; 
Ruppert et al., 1996; Gluskoter et al.,1977; Finkelman, 1981, Huggins et al., 1999). 
During pulverized coal combustion, chromium-bearing minerals transform and react with 
other mineral-derived components to form chromium-bearing crystalline phases and glass 
(Stam et al., 2011).  In the process, a small fraction of the Cr is usually oxidized from 
Cr(III) to Cr(VI). The range of Cr contents is 0.5 - 60 ppm for most coal seams (Swaine, 
1990), and averages about 15 ppm for US coals (Sabbioni et al., 1983). 
 
2.2.3.5 Cobalt 
 
Although cobalt is subjected to EPA CAAA (1990) regulations, there are no reports of 
unwanted effects caused by Co during coal mining and usage. There is an inclusive 
review of all aspects of Co by Smith and Carson (1981). This trace element also has an 
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important role in nutrition and some serious deficiencies in grazing animals have been 
found (Swaine 1990). Co could be associated with mineral matter in coals (linnaetite, 
other sulfides, clay) or it could be organic associated, as was reported for US coals. 
(Finkelman, 1981; Des Cloizeaux, 1880; Goldschmidt, 1954; Firth, 1973; Zubovic, 
Stadnichenko and Sheffey, 1961; Gluskoter et al, 1977). The Co concentration for most 
coals is within the range of 0.5 to 30 ppm with a mean of 4-8 ppm (Swaine, 1990), and 
the range of 0.25 to 43 has been reported for the US coals by Zubovic et al. (1979). 
 
2.2.3.6 Lead 
 
Exposure to lead (Pb) could give rise to illness in certain situations and therefore there is 
much interest in Pb regarding health and the environment. Pb was first reported by Jensch 
(1887) in Upper Silesian coals. There is a little argument regarding the occurrence of Pb 
in coal.  Lead was reported to be associated with mainly with galena (PbS), mineral 
grains of clausthalite (PbSe), in about 50 percent of the Appalachian Basin coals studied, 
and in about 10 percent of other samples, and Ba minerals, where Pb can be replace Ba 
(sulphates, carbonates, phosphates, silicates) (Brown and Swaine, 1964; Finkelman, 
1981; Bethel, 1962). It could be associated with some minerals like lead tungstate 
(PbWO4), lead-barium aluminum silicate, plumbogummite [PbAl3(PO4)2(OH)5·(H2O)], in 
coals as a minor mode of occurrence. Pyrite is able to contain lead in its structure to some 
extent (Deer et al, 1962). In some low rank coals lead could be organically associated too. 
The range of lead concentrations in US coals is 2 - 40 ppm (Swaine, 1990).  
 
2.2.3.7 Manganese 
 
There is interest in Mn because not only of its biological essentiality but also the probable 
environmental problems of excess amounts of manganese. However, no serious health or 
environmental effects of Mn during coal mining and its usage have been reported 
(Swaine, 1990). Regarding the mode of occurrence of Mn in coal; for low rank coals it is 
mainly organically bound through carboxylic acid groups (Brown and Swaine, 1964; 
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Benson and Holm, 1985), and in higher rank coals there are several modes, including 
association with carbonate minerals and clays as major forms, association with pyrite and 
organically bound Mn as minor sources (Finkelman, 1981).  
 
2.2.3.8 Mercury 
 
Due to the emission of mercury (Hg) to the atmosphere during coal combustion, and its 
negative impact on biological systems, there is continued interest in Hg in coal. Hg, 
seemingly, was first determined in coal by Stock and Cucuel (1934) in German coals. 
The modes of occurrence in coal proposed by different authors for mercury include the 
sulfide (HgS), as well as pyrite-bound Hg, metallic Hg, and organically=-bound Hg. 
However, due to the very low concentration of Hg in most coals (0.02 - 1.0 ppm), little 
information on the mode of occurrence of Hg has actually been established by direct 
methods and interpretation based on indirect methods can be misleading.  A study of a 
group of Illinois coals showed significant Hg association with pyrite, and minor part of 
Hg occurred in the lightest specific gravity fraction of the coal, leading to the conclusion 
of a minor organic association (Ruch et al., 1971). Huggins et al. (2008) also found a 
strong association of Hg with pyrite in US Illinois coal seams. (Gluskoter et al., 1977; 
Ruch et al., 1974). According to Swaine (1990) Mercury is mainly associated with pyrite 
for most coals. ‘Finkelman (1994) also agrees that mercury is in solid solution with pyrite 
stating that epigenetic pyrite probably has more mercury than syngenetic pyrite’. 
 
2.2.3.9 Nickel 
 
Nickel (Ni) is one of the trace elements subjected to the CAAA (1990) regulations and 
under some conditions, in relatively high levels of Ni, some plants may be harmed, but 
this is unlikely to occur on coal mine spoil heaps and it is likely that there would not be 
significant untoward effects from Ni in coal mining and usage. It also has been 
considered as ‘a relatively non-toxic elements’ by Underwood (1997) (Swaine, 1990). 
Regarding the mode of occurrence of Ni in coal, experiments by Horton and Aubrey 
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(1950) and Zubovic et al. (1961) showed a range of intermediate organic affinities. The 
main modes of occurrence of nickel are probably associated with sulfides and organically 
associated (Finkelman, 1981; Goldschmidt, 1935; Gluskoter et al., 1977). Nicholls (1968) 
also suggests that coals with Ni content greater than 3 ppm would have the element 
associated with the inorganic fraction. Some SEM-EDX work on nickel in minerals by 
Finkelman (1981) suggested that Ni to be most commonly associated with the sulfides 
such as galena (PbS), sphalerite [(Zn,Fe)S], pyrite (FeS2) and other complex sulfides 
(Seidu, 2008), and later he added clays (Finkelman, 1988). Omitting some very high Ni 
contents (>8000 ppm) reported by Goldschmidt (1937), Jones and Miller (1939), and 
Vorobev (1940) for some unusual coals, the probable range of nickel concentration in 
most coals is around 0.5 - 50 ppm (Swaine, 1990; Kolker, 2012). 
 
2.2.3.10 Selenium 
 
Selenium (Se) is very important from nutritional and environmental aspects. There is 
evidence that small amounts of Se are essential for good nutrition in humans, as well as 
medical and biological effects, and Se deficiency could be an important factor of two 
diseases of endemic cardiomyopathy and endemic osteoartheropathy, by which millions 
of people may be affected in China. The local high selenium content coals could be the 
source of Se for the soil and plants (Yang et al., 1983; Levander, 1987; Nas; 1976). There 
are also several industrial Se applications (Zingaro and Cooper, 1974). On the other 
hands, selenium enriched plants in certain limited areas, have caused toxic effects on 
grazing animals. Enriched Se soils could be harmful for some plants. The endemic Se-
poisoning in Enshi county of Hubei province, China, is the outstanding case of severe 
effects on humans (Yang et al., 1983).  
 
Regarding the mode of occurrence of Se, it could occur in coal organically associated, in 
pyrite and other sulfides (probably in solid solution), in galena as PbSe, at least in some 
coals and possibly in clays (Wedepohl, 1972; Wandless, 1957; Porrett and Swaine, 1976; 
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Ruch et al., 1974; Carter et al., 1973; Finkelman, 1981). The mean value of Se in U.S. 
coals is 0.5 to 4 ppm (Swanson et al., 1976; Swaine, 1990). 
 
2.2.3.11 Thorium 
 
Thorium (Th) is radioactive and due to its biological and environmental effects is an 
interesting trace element to do research on in coal utilization. Regarding its mode of 
occurrence in coal, it is clearly associated with mineral matter in most coals, mainly as 
monazite, with lesser amounts in zircon and xenotime. Small amounts of Th perhaps 
could be associated with iron oxides and clays, as in the case with soil; however, Th is 
unlikely to be organically associated (Palmer and Filby, 1984; Finkelman, 1981; Swaine, 
1990). Th contents in most coals are in the range 0.5-10 ppm (Swaine. 1990).  
 
2.2.3.12 Uranium 
 
Uranium (U) in coal is a continuing and interesting research subject because it is a source 
of radioactivity and because some coal may be an economic source of U. Although U was 
discovered around 200 years ago, Berthoud was the first person who detected U in coal, 
in a coal near Denver, USA, in 1875.There are several areas with high-U coals in the 
United states, mainly in the Dakotas, Wyoming, Montana, Colorado and New Mexico 
(Vine, 1956). Uranium is likely carried into the coal swamps in solution as carbonate 
complexes (Breger, Deul and Merowitz, 1955), and then the uranyl ions form uranyl –
organic complexes. Also ‘humic acids’ depending on solution pH and the degree of 
polymerization, may either deposit or transport uranium (Manskaya and Drozdova, 
1968). The dominant mode of occurrence of U, in most coals, especially in low U content 
coals, is organically associated (Breger, Duel and Rebinstein, 1955). The associations of 
U with zircons, REE phosphates and uraninite, and sometimes apatite, rutile, and calcite 
in some low-U coals were reported by Finkelman (1981). An association with clays was 
reported in two Canadian coals (van der Flier and Fyfe, 1985), as well as an association 
with carbonate minerals in UK coals (Asuen, 1987). There is some evidence for the 
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presence of specific U-bearing minerals like uraninite, coffinite, autunite, torbernite and 
carnonite in some U-rich coal (Denson, 1959; Breger, 1974; Swaine, 1990). In coals 
other than U- rich coals, the U content is usually in the range of 0.5-10 ppm, with a mean 
about 2 ppm (Swaine, 1990).  
 
2.3 Trace element removal techniques 
 
Depending on the coal sample, trace elements may exhibit an organic affinity between 
100% and 0% (totally inorganic association). Mineral matter associated trace elements 
are likely rejected to coal refuse streams during coal cleaning process (Demir, 1997; 
Luttrell et al., 1999). However, for those organically associated or for those with both 
organic and mineral association, conventional physical separation methods are ineffective 
and the separation efficiency decreases depending on the organic affinity of the trace 
elements. In this case, advanced cleaning processes may be applied before coal utilization 
or disposal.   
 
Also some of these advanced physical processing methods are effective for the pyrite 
associated trace elements. Trace elements are liable to be more efficiently separated from 
fine coal, but at the same time recovery of fine and ultrafine coal particles is more 
challenging technically. Advanced physical coal cleaning methods are more effective 
than conventional methods for fine and ultrafine coal particles. Such methods include: 
 Column flotation 
 Microcell™ Flotation 
 Enhanced Gravity Separation 
 Selective Agglomeration 
 Advanced Chemical Coal Cleaning 
 Chelate Dissolution 
 Hydrothermal Treatment 
 Mild Pyrolysis 
 Biological Cleaning 
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Column flotation, developed from conventional flotation, has a much higher efficiency 
than conventional flotation due to a high length to diameter ratio and therefore generates 
plug flow conditions in the column, longer retention times, and wash water in the top of 
the cell. Also it has higher recovery of ultrafine particles since fine-sized air bubbles 
generated by the cell enhance the bubble-particle collision process (Honaker and 
Mohanty, 1996). 
 
The Microcel™ flotation column, developed by Yoon et al. (1991), is similar to a 
conventional flotation circuit of rougher, cleaner and scavenger cells in one unit, and its 
unique and innovative static in-line aerator makes the column more efficient to clean 
minus 60µm (28 mesh), by generating micro air bubbles (0.1-0.4mm diameter).  
 
The enhanced gravity separators (EGS) apply a centrifugal field to the conventional 
density-based separators in order to make them applicable for fine size particles (Honaker 
and Das, 2004). Some of EGS are jigging (Kelsey jig, Altair jig), flowing film (Falcon 
concentrator), tabling (multi-gravity separator) and fluidized-bed (Knelson concentrator).  
 
Selective agglomeration processes apply agglomerant, an immiscible organic liquid (e.g. 
n-pentane), to the coal-water slurry in a high shear agglomerator. As a result, ultrafine 
coal particles, which are selectively coated and wetted by the organic liquid, are bridged 
together and can be treated separately from the dispersed liberated trace elements. The 
efficiency of agglomeration is dependent upon the coal surface properties; it, seemingly, 
has no lower particle size limit suitable for oil agglomeration (Capes and Germain, 1982). 
Although many of the trace metals may be substantially removed during agglomerative 
beneficiation of the coal, those that are principally organically bound (e.g. antimony, 
beryllium, chromium, cobalt, nickel and selenium) are not rejected in the tailing (Smit et 
al., 1997), also the pyrite would likely get agglomerated.  
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A number of chemical cleaning processes for trace element removal have been developed 
for coal applications. Jacobsen et al. (1992) concluded that chemical cleaning can achieve 
higher levels of trace element removal (70-90%) than conventional cleaning (Khoury, 
1981; Toole, 1982). These methods are classified in three categories (Merritt, 1986): 
 Applying elevated temperatures and pressures to oxidize pyritic sulfur to water-
soluble sulfur compounds. 
 Applying caustic chemicals to leach pyritic and/or organic sulfur species from the 
coal matrix. 
 Applying a chemically-induced pyritic sulfur alteration to enhance subsequent 
physical separations, including magnetic separation.. 
 
Some examples of advanced chemical cleaning processes are (Seidu, 2008): 
 TRW Inc.-Meyers process (an iron sulfate oxidation leach) 
 TRW-DOE molten caustic leach (MCL) process 
 Hazen Research, Inc.-Magnex process (a carbonyl pyritic sulfur alteration process 
with subsequent physical separations) 
 DOE-PETC oxydesulfurization process (an elevated temperature and pressure 
leach) 
 
“Chelate dissolution is a chemical cleaning method which applies chelating agents in coal 
cleaning for further removal of trace elements. Chelating agents are organic compounds 
whose molecules can form several bonds with a single metal ion. They are used in 
different applications like water treatment, agrochemicals, and cosmetics. The reagent 
promotes the removal of metal ions by forming complexes with the trace elements, 
thereby increasing their effective solubility range (Seidu, 2008). Additional research and 
development are necessary to develop full-scale industrial application of this method 
(Luttrell et al., 1999). 
 
Hydrothermal cleaning processes involve contacting coal with water and chemical 
reagents at supercritical conditions (T > 374°C, P > 221bar/3200psig), accompanied by 
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solid-liquid separation. Water applied at supercritical conditions in this method serves as 
a solvent, reactant, and energy transfer medium for decreasing the sulfur and trace metal 
contents of coal. The Battelle Hydrothermal Process and TRW Gravimelt Process are 
examples of this method. Some physical cleaning processes (e.g. froth flotation) are used 
to remove a significant portion of the mineral matter from coal, before using 
hydrothermal leaching process. Achieved reductions of up to 50 percent in the sulfur 
content and some selected trace elements from coal by hydrothermal cleaning process 
was reported by Timpe et al. (2001). 
 
Heating coal in the absence of oxygen, which results in the partial decomposition of coal 
into gaseous, liquid and solid components, is called ‘pyrolysis’. Effective parameters on 
yield and composition of volatile fraction include coal rank, composition, particle size, 
temperature, (the most important parameter affecting the pyrolysis process), residence 
time, heating rate, atmosphere pressure, sample size and type of reactor (Peter et al., 
1988). Pyrolysis at relatively low temperatures (<600°C), near atmospheric pressure and 
with slow heating rates is known as ‘mild pyrolysis’.  It leaves the original matrix and 
heating value of coal mostly intact. During this pyrolysis process volatile elements, such 
as mercury, bromine and antimony, are released in vapor form and then they can be 
removed from the evolved gasses and vapors by adsorption or chemisorption process 
with solid sorbents.  However, the majority of trace elements are retained in the solid coal 
residue (Merdes et al., 1998). 
 
Biological processes have been proposed for sulfur removal in coal cleaning (Toole, 
1982).  These methods convert hydrophobic pyrite surfaces to hydrophilic, causing pyrite 
to be rejected to the tailing streams (Dugan, 1986). The most important bacteria in 
desulfurizing coal are classified in three general groups:  
 acidophilic bacteria growing at ambient or slightly elevated temperatures, such as 
certain Thiobacillus species (Hoffmann et al., 1981);  
 acidophilic bacteria growing at extremely elevated temperatures, such as the 
various Sulfolobus species (Murphy et al., 1985); and  
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 altered soil bacteria, which grow at ambient temperatures and approximately 
neutral pH, such as the mutant strain Cl31 of the Atlantic Research Corp. (Isbister 
and Kobylinski. 1985). 
 
2.4 Coal tailings impoundments 
 
Modern coal preparation facilities incorporate a wide array of solid-solid and solid-liquid 
separation processes for coal upgrading.  The upgrading, which occurs after mining and 
before transport of the cleaned product to market, is achieved using low-cost facilities 
that incorporate a variety of solid-solid and solid-liquid separation processes. The process 
is driven by financial incentives resulting from reduced freight costs and improved 
utilization properties for the product coal. After processing, 50-70% of the run-of-mine 
material is rejected and placed into surface storage areas. Impoundment, which is used to 
store coal tailings, describes ponds that are used to store mining tailing slurry with high 
water content by constructing a dam using coarse refuse and sand from previous mining 
activities.  To reduce the cost, the coarse refuse is usually used to dam the opening of a 
hollow between adjacent mountains near the mining site. Tailings impoundments are also 
designed to perform other functions in addition to the disposal function. These functions 
are: (Anon., 1987): 
 
• Removal of suspended solids from process water by sedimentation 
• Equalization of wastewater quality 
• Stabilization of some oxidizable constituents (e.g., flotation reagents) 
• Storage and stabilization of process recycle water 
• Incidental flow balancing of storm water flows. 
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Concerns about dust generation, transportation costs, health concerns and performance 
have resulted in the preference of wet cleaning processes. Therefore, fine coal and 
mineral matter, waste slurry with large amounts of water are conventionally disposed of 
in an impoundment. In the US, 713 fresh-water and slurry impoundments were reported 
to be active by MSHA as of August 2001 (Bentley, 2001). Although impoundments are 
believed to be the cheapest way to dispose the waste material, dam failures, flooding 
from breached impoundments, acid mine drainage, spillages and overflows and local 
groundwater contamination from undesirable leachate generation due to the presence of 
iron and sulfur in coal refuse materials are considered as potential environmental 
problems of tailings impoundments. (Alam, 2011; Gardner, J. S., et al., 2004; National 
Research Council, 2002; Davies, W. E., et al., 1972; Owens, 1987; Michalek etc., 1996). 
 
Many impoundments are getting close to their capacity, but, at the same time, permits to 
construct new impoundments are becoming increasingly difficult to obtain, hence, there 
is increasing demand for replacement technologies to dispose fine coal tailings by 
reducing the amount of waste generated, or by utilizing waste, or by disposing of the 
wastes elsewhere (National Research Council, 2002). Fine coal waste generated during 
coal preparation plants can be reduced or eliminated during both the mining, e.g. 
selective mining, and the preparation phases. However, implementing options for waste 
elimination of preparation plant is easier during coal preparation than mining, due to 
extraction of many low quality coal seams. Different alternatives or strategies may be 
applied for the impoundments. Such strategies are adding fine coal waste to the cleaned 
coarse coal product, dewatering the slurry product solidifies (to a degree) and reducing 
the volume of the waste (Osborne, 1988; Leonard, 1991), use of coal water slurry as fuel 
for traditional combustors or gasifies (Syngle and Sinn, 1991; Harrison and Akers, 1997; 
Arey,1997; Couch, 1998;  Rousaki and Couch, 2000; DOE, 2001), disposing of fine coal 
waste in surface fills and underground workings (National Research Council, 2002) , co-
disposing fine and coarse rejects (Williams et al., 1990, 1992, and 1995), solidification of 
fine coal stream (Malone & Jones, 1979; Cullinane et al.,1986; Cullinane & Jones, 1986; 
Wetzman, et al. 1988; Barth et al., 1990; Conner, 1990; Dermata & Meng, 1995; Glasser, 
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1997; Poon et aI., 1986 & 2004; Jang & Kim, 2000; Leist et al., 2003; Duchense & 
Laforest, 2004; Bagnoli et al.,2005; Amini, H. R., et al., 2008), adding lime or fly ash to 
fine coal stream (Adams, 1972; Stewart et al., 1997; Jang & Kim, 2000; Shang et al., 
2006), and remining slurry impoundment (National Research Council, 2002). Some of 
these strategies add cleaning responsibilities to the power plants. This research focuses on 
the development and evaluation of strategies to minimize the release of trace elements in 
coal waste streams. 
 
2.5 Fundamentals 
 
Illite and pyrite are generally the two major coal minerals that contain most of the heavy 
metals in eastern U.S. bituminous coals. The clay mineral, illite, typically contains most 
of the lithophilic trace metals such as vanadium and chromium, whereas the sulfide 
mineral, pyrite, typically controls the behavior of chalcophilic elements such as arsenic, 
selenium, mercury and lead. A number of other metals, such as manganese, nickel and 
zinc, may have a mixed association with both of these minerals. Consequently, the 
behavior of illite and pyrite in coal cleaning processes determines to a large extent how 
much and with what tailings fraction heavy metals are distributed in coal wastes. 
The order (rate) of release of various elements during the leaching test on Illinois #6 coal 
rejects was found to be largely determined by their mineralogical association (Huggins et 
al., 2011): calcite > pyrite > illite. 
 
Weathering of pyrite has the potential to degrade water quality, yielding high acidity and 
metals and sulfate concentrations that exceed water quality standards (Moses, 1990). The 
weathering of pyrite yielding low pH must be initiated in waters of circumneutral or near-
neutral pH. “Pyrite oxidation is represented by reaction (1) (Garrels and Thompson, 
1960) or reaction (2) (Smith et al., 1968), which is the sum of reaction (I) and 14 X 
reaction (3) (Singer and Stumm, 1970)” (Moses, 1990). 
 
FeS2 + 14Fe
3+
 + 8H20 → 15Fe
2+
 + 2SO4
2-
 + 16H
+ 
(2.1) 
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FeS2 + 7/2 02(aq) + H20 → Fe
2+
 + 2SO4
2-
 + 2H
+ 
(2.2) 
Fe
2+
 + ¼ 02(aq) + H
+
 → Fe
3+
 + ½ H2O (2.3) 
 
“On the other hand, pyrite weathering does not always produce very high levels of acidity 
or metals because of pH buffering by natural chemical or biological processes, such as 
carbonate mineral dissolution” (Toran, 1987; Nicholson et al., 1988) or bacterial sulfate 
reduction (Herlihy et al., 1988; Moses, 1990). Also Huggins et al. (2011) in their study on 
leaching of rejects of Illinois based coal samples observed the lack of significant change 
in pH in the leaching tests, both static and dynamic, as well as the limited release of 
sulfur and the lack of any significant release of iron in these tests. Also it was noted that 
pyrite in the reject fractions was not appreciably releasing metals during the testing, 
although it was undergoing alteration. They concluded that “the dissolution of first Na 
and then Ca and other alkaline earth elements is an effective buffer that maintains the pH 
of the leachates close to neutral”. In their experiment, despite the apparent lack of 
dissolution of the pyrite, XAFS spectra and iron Mössbauer spectra showed that oxidative 
changes were occurring to the arsenic and iron in pyrite, and  specifically, both As as 
arsenate and Fe as jarosite increased in the solid residues with leaching time. However, 
since neither element was significantly present in any leachate in the leaching tests, the 
oxidized states of both elements must be stabilized in an insoluble form or forms. The 
following equations, which result in the formation of an insoluble jarosite and gypsum, 
respectively, are consistent with the stated observations: 
 
3 FeS2 + 3H2O + 13.5O2 + [Na
+
] Sol’n → NaFe3(SO4)2(OH)6 + 4[SO4
2-
]Sol’n (2.4) 
 
[Ca2+] sol’n + [SO42-] + 2H2O → CaSO4.2H2O (2.5) 
 
These reactions explain the release of some sulfate to the leachate, the lack of 
mobilization of iron, the lack of formation of acid ([H
+
]sol'n]), and the formation of 
jarosite and gypsum. Arsenic must remain predominantly with the jarosite, presumably as 
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a result of the substitution of AsO4
3−
 for SO4
2−
 (Paktunc and Dutrizac, 2003). Until such 
buffering is exhausted, the acidity is buffered to near neutral pH, and mobilization of iron 
and trace metals associated with pyrite could be minimized. After that, pH becomes 
increasingly acidic, and pyrite alteration can be expected to accelerate as different 
alteration reactions become operative and ferric iron and other metals are solubilized 
(Evangelou and Zhang, 1995; Moses and Herman, 1991, Huggins et al, 2011).  
 
Such observations suggest that leaching of heavy metals can be repressed by enhancing 
the buffering capacities of the waste materials in coal refuse streams. Clearly, one 
strategy to enhance such capability would be to add alkali or alkaline-earth buffering 
capability to the coal waste streams and impoundments, but it is likely to add 
significantly to the cost of the disposal and storage of the cleaning rejects and related 
combustion wastes as well as increases the mass of material in the impoundment. A 
better cost strategy would be to modify coal cleaning processes and/or storage practices 
to maximize the buffering capability of the waste materials. This would necessarily 
involve designing cleaning circuits and processes to provide reject materials with 
enhanced contents of alkali and alkaline earth elements relative to their contents of 
leachable heavy metals. In this study, the first goal will be to assess the feasibility of 
using this tactic to modify the buffering potential of coal rejects and thereby repress the 
leachability of heavy metals from coal rejects in coal waste streams.  
A second goal is to examine the relative leachability of metals from coal preparation 
rejects and related coal combustion wastes. Often, coal rejects from a preparation plant 
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are stored in impoundments along with fly-ash and other combustion wastes from the 
associated power plant. Little is established about how these mixed waste materials 
behave when combined with respect to mobility of heavy metals. Whereas aqueous 
leaching of minerals (especially pyrite) associated with coal waste tends to give rise to 
increasingly acidic solutions, leaching of compounds in fly-ash tends to generate alkaline 
solutions (Stewart et al., 1997; Hassett et al., 2005). Consequently, the ratio of fly-ash to 
coal rejects is likely to be critical in the determination and control of pH of the 
impoundment (Stewart et al., 1997). 
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3 EXPERIMENTAL 
 
3.1  Sampling 
 
3.1.1 Coal sampling 
 
Representative samples were collected at the Triad coal preparation plant operated in 
Iniana by James River Coal Company. Samples were obtained from various locations in 
the coal preparation plant which cleans high sulfur bituminous 5-B central seam. The 
diagram in Figure 3.1 shows the sampling locations in the plant where the five samples 
were collected: feed, clean coal, coarse refuse, spiral refuse and thickener underflow. 
 
 
Figure 3.1. Preparation plant and coal sampling points 
(1: feed, 2: clean coal, 3: coarse refuse, 4: Spiral refuse, 5: Thickener underflow). 
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To compare the effect of the pyrite content in the coal, a second set of waste stream 
samples were obtained from a processing plant operating in West Virginia that treats 
Coalburg seam coal. This coal contained a lower amount of pyritic sulfur than the Indiana 
coal. 
 
Upon arrival at the laboratory, the coarse refuse and spiral refuse samples were spread 
out and air-dried over a period of about 3 days. Sample preparation involved crushing to 
a top size of 12.7 mm (½-inch) using a jaw crusher. The top size was further reduced to 
6.35 mm (¼-inch) by crushing in a second stage with a Holmes hammer mill crusher, 
accompanied by manual mixing stage to ensure homogeneity of the samples. The coning 
and quartering method was employed to achieve the reduction of sample volume, 
involving heaping the bulk of the sample in a pile and dividing into four quarters, 
rejecting two opposite quarters, mixing the two remained quarters and then repeating the 
process until a suitable volume of material remained for splitting. A laboratory Jones 
riffle splitter was employed for this stage which yielded the final samples of about 1 kg in 
bags for analysis and experiments. For splitting, samples were poured onto the top of a 
riffle which splits the samples into alternating angled slots that discharge into separate 
containers underneath the riffle. The final samples were stored in sealed bags in a freezer 
to prevent atmospheric oxidation. The reject portion of the sample was then returned to 
the barrel and sealed airtight for future use. All the processing, except drying in air, was 
performed for clean coal. The processes after crushing also were performed on spiral 
refuse sample. For the slurry thickener underflow sample, two representative slurry 
samples to evaluate the initial pH value and also size analyzing were taken. Thickener 
underflow samples were filtered and dried. The water of the sample was collected to 
evaluate the initial amount of released trace elements. Then splitting and storage steps 
were repeated for the thickener underflow sample. 
 
3.1.2 Fly ash sampling 
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Most of the eastern United States coals are bituminous coals and generate a F_ type fly 
ash upon combustion. As such F_type fly ash was used in the investigation. The sample 
was collected by UK researchers on March 2010 from the Spurlock Power Plant located 
in Maysville, Kentucky.  Spurlock is a four-unit, coal-fired baseload facility owned by 
East Kentucky Power Cooperative (EKPC) and the fly-ash samples were collected from 
five different hoppers of an electrostatic precipitator (ESP). The splitting and storage 
steps were performed on fly ash samples.  
 
3.2 Coal and Fly Ash Analyses 
 
Coal and fly ash quality data on the samples were collected by subjecting each sample to 
a series of characterization and analytical tests. Additional sample preparation was 
performed to achieve the specifications requisite for that particular technique. 
The following conventional analyses were carried out on each major coal fraction: 
• Ultimate, proximate, forms of sulfur, heating value; 
• X-ray fluorescence (XRF) spectroscopy of major elements in 500oC ash from 
each fraction; 
• Trace element analyses by Inductively coupled plasma mass spectrometry (ICP-
MS); 
• Mineral matter by X-ray diffraction (XRD) using Rietveld method. 
• Iron speciation and oxidation state determinations by Mössbauer spectroscopy; 
• Speciation of sulfur and key trace elements by X-ray absorption fine structure 
(XAFS) spectroscopy. 
The same  
pH, Eh, and conductivity, trace elements (ICP-MS) and sulfate concentration (ion 
chromatography) also were carried on the water supernatant of leaching tests. Both major 
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and trace elements are included in the ICP analyses: viz. Al, Sb, As, Ba, Be, B, Cd, Ca, 
Cr, Co, Cu, Fe, Pb, Li, Mg, Mn, Ni, P, K, Se, Si, Ag, Na, Sr, Tl, Sn, V, and Zn.   
 
3.3 Leaching tests 
 
3.3.1 Introduction  
 
Many researchers have used leaching columns to study acid mine drainage (AMD), 
kinetics of pyrite weathering, alkalinity production, and estimation of field weathering 
conditions (Bradham and Carrucio, 1990; Perry, 1985, Stewart et al, 1997 & 2001; 
Kazonich and Kim, 1997). Leaching column tests are usually designed to accelerate 
weathering beyond that observed in the field, and acceleration of weathering decreases 
the time required to generate dissolution data for evaluating the potential of mine waste to 
produce problematic drainage (Stewart et al., 2001; Seidu, 2008). In a column leaching 
study of surface mine spoil, each week of a continuing leaching cycle was estimated to be 
equivalent to approximately 3 years of natural weathering (Hood and Oertel, 1984). 
Substantial components contributing to the weathering of waste rock in the field such as  
abundant supply of oxygen, and a sufficient volume of water to help flush a large 
percentage of the reaction products from the sample are simulated in the laboratory 
column leaching tests, and therefore, the results can be observed more quickly than in the 
natural environment due to the fact that exposure to the weathering agents is much more 
enhanced in the laboratory experiment (Seidu, 2008). 
 
Leaching behavior of specific elements in coal rejects and fly-ash were determined in two 
different long-term (up to 5 months duration) tests: the dynamic test, a variation of 
ASTM Standard Method D-5744, and the baseline or static test. 
 
In the dynamic test, the leaching of elements was examined for a period of 5 month from 
three reject fractions (obtained from a preparation plants cleaning B-5 central seam coal, 
IN, and the Coalburg coal seam). Each fraction was subject to a weekly cycle of exposure 
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to moist and dry air (3 days each) and aqueous leaching (1 day in fresh batches of de-
ionized water). In addition, a baseline test was devised to contrast with the dynamic test 
in which the same reject fractions were kept completely submerged under water for the 
same length of time. Whereas the baseline test can be considered to simulate the 
quiescent conditions of a stable impoundment, the dynamic test is a closer simulation of 
the conditions experienced by the waste material in which it is continuously exposed to 
both air and fresh water. Also, the combination of these two tests can result in simulating 
weathering processes in coal waste impoundments, dynamic test to simulate upper levels 
of impoundments which more subjected to the oxidation and fresh water contact, and 
static leaching test for the lower level materials which more are stored in the water for 
long time.  
 
3.3.2 Dynamic Leach Test (ASTM D5744-96) 
 
This experiment is set up to perform the measurements needed to determine leaching 
behavior of major and trace elements from coal rejects and fly-ash, and will be 
responsible for collecting complementary information on the mineralogy and modes of 
occurrence and association of trace elements in coal rejects, generated fractions, and fly-
ash. 
 
The standard ASTM method D 5744 was designed specifically to meet regulatory 
requirements for mining wastes and ores. The experimental setup of the test, as 
performed at the University of Kentucky, is shown in Figures 3.2 and 3.3. The samples 
are held in humidity cells made of PVC. The samples sit on 22-μm polypropylene felt 
filter media to allow air and water to flow through while retaining the 150μm (100 mesh) 
samples. As currently set up, the dynamic test can be carried out on two parallel set of 
favorable series samples, each of 200 g. The humidity cells are setup to receive an 
upward flow of air through the bottom valve. Dry air was obtained from the laboratory 
compressed air line routed through a desiccant, while the humid air was generated by 
passing air through water held at 30°C in the humidifier. The water temperature of the 
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humidifier was kept constant by immersing it in a water bath with thermostat controlled 
temperature setting. 
 
The samples in the humidity cells are subjected to a weekly cycle involving alternating 
periods of dry air (3 days), humid air (3 days), followed by leaching with 200 ml of de-
ionized water on the 7th day. Each flooded cell is then allowed to sit for a period of 2 
hour before draining the leachant into plastic bottles. The 2 hour leach time commences 
after all of the leachant had been placed in the cell, thus ensuring that the samples were 
saturated and completely immersed by the leachant water. The valve at the bottom of the 
humidity cell was opened and the leachant allowed to drain into the plastic bottles. The 
pH and conductivity of the collected leachant were then recorded. At the conclusion of 
the 7
th
 day, the cycle is repeated. After a number of weekly cycles, the collected leachant 
waters are combined and submitted to KGS for Eh, sulphate concentration, and major and 
trace elements composition analysis using ICP-MS. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Set up of dynamic column leaching test (after Seidu, 2008). 
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Figure 3.3. Experimental set up of the dynamic column leaching test apparatus. 
(1. Compressed Air, 2. Desiccant, 3. Humidifier, 4. Valve, 5. Leaching series columns: 
(a) series of columns for coal samples (b) series of columns for fly-ash samples).  
 
Regarding fundamental assumptions governing the dynamic column leaching, an excess 
amount of air pumped up through the samples in the columns during the dry and wet air 
days of weekly cycle reduce the potential for oxidation reaction rates being limited by 
low-oxygen concentrations. Weekly leaches with deionized water, or low ionic strength 
water, promote the removal of leachable mineral dissolution product generated from the 
previous week’s weathering cycle. The purpose of the three-day dry air part of the 
weekly cycle is to evaporate some of the water that remains in the pores of the sample 
after the weekly leach without totally drying out the sample. Therefore, the sample 
saturation is reduced and air flow is enriched. During the three-day dry-air portion of the 
weekly cycle, the oxygen diffusion rate through the sample may enhance several orders 
of magnitude as compared to its diffusion rate under more saturated conditions of the 
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leach, which helps promote the oxidations of such constituents as iron sulfide. This 
evaporation also increases pore water cation/anion concentrations and may cause 
increased acidity (e.g. by increasing the hydrogen ion concentration generated from 
previously oxidized iron sulfide). Increased acid generation will increase the dissolution 
of additional sample constituents. As evaporation continues, the remaining water might 
become over-saturated in regard to some mineral phases, and therefore causing them to 
precipitate. Some precipitated mineral are potential sources of acidity when re-dissolved 
(like melanterite, FeSO4.7H2O; and jarosite, K2Fe6(OH)12(SO4)4). Three-day wet 
(saturated)-air portion of the cycle helps maintain a relatively constant mass of pore water 
in the sample (White, 2000), and promote some diffusion of weathering products (e.g, re-
dissolved precipitation products) in the residual pore water without totally saturating the 
sample and adversely affecting oxygen diffusion (ASTM D5744). 
 
3.3.3 Static or base line leaching test 
 
A control experiment called the baseline or static test was setup to run parallel to this 
dynamic leaching test. In the static test, 200 grams each of the reject samples were 
submerged under 200 ml deionized water over a period of 6 months. The water was not 
changed and the samples were completely submerged throughout the period. pH and 
conductance measurements were made weekly, and at the end of 6 months, the solution 
was drained and submitted for compositional analysis by ICP at KGS. This control test 
was designed to compare the effect of stifling the factors like oxygen, mobility of water, 
cyclic exposure that contributes to weathering. 
Copyright © Rezaee Mohammad 2012 
 
38 
 
4 RESULTS AND DISCUSSION 
 
4.1 Characterization of coal and ash 
 
4.1.1 Characterization of high pyritic coal, IN 
 
The analyses results of five samples including feed, spiral refuse, coarse refuse, thickener 
underflow, and clean coal from the high sulfur bituminous coal are presented in this 
section. The ultimate (ASTM D3176 – 09) and forms of sulfur (ASTM D2492 – 02) 
analyses for the samples are shown in Table 4.1. 
 
Table 4.1. Ultimate, Forms of sulfur analysis of high pyritic coal samples 
 Ultimate Analysis  of Coal Samples Forms of Sulfur 
Samples: 
Ash 
(%) 
Moisture 
(%) 
C 
(%) 
H 
(%) 
N 
(%) 
O 
(%) 
Total S 
(%) 
Sulfate 
(%) 
Organic 
(%) 
Pyritic 
(%) 
Feed 19.4 8.3 53.6 4.9 0.6 14.1 7.4 0.3 3.5 3.6 
Coarse Refuse 54.5 1.6 17.9 1.6 0.4 <0.01 29.3 1.1 7.6 20.7 
Spiral Refuse 66.8 1.2 16.4 1.6 0.4 <0.01 20.1 0.6 4.1 15.3 
Thickener 
Underflow 
41.7 1.8 45.2 3.1 0.6 <0.01 9.6 0.6 2.1 6.9 
Clean coal 10.4 8.5 64.8 5.7 0.8 14.7 3.6 0.4 1.2 2.0 
 
As Table 4.1 shows, 5-B Central seam, IN, samples have high sulfur content. Among the 
reject fractions of 5-B Central seam, coarse refuse has the highest total sulfur and pyritic 
sulfur, and the thickener underflow has the lowest total and pyritic sulfur. So it is 
anticipated that coarse refuse generates lower pH in contact with water and since has 
higher pyrite, more trace elements associated with pyrite would release. 
 
The mineralogical information of high sulfur coal samples obtained from XRD is shown 
in Table 4.2 and Figure 4.1. 
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       Table 4.2. Semi-quantitative mineralogy of coal fractions(5-B Central seam, IN) 
Coal Fractions 
%Mineral (as wt% of mineral matter) 
Pyrite Quartz Illiite Kaolinite Calcite 
Spiral Refuse 28 17 15 21 17 
Thickener underflow 23 18 36 23 <5 
Coarse Reject 43 20 19 18 <5 
Feed Coal 25 16 16 43 <5 
Clean Coal 27 23 27 22 <5 
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Figure 4.1. Mineral type and concentration expressed as percentage of the mineral 
matter content for high sulfur Indiana coal. 
 
Table 4.2 shows that there is significant variation in the mineralogy of the three coal 
refuse fractions,  This variation arises because of the different size distributions and ways 
in which the individual minerals occur physically in the coal and the resulting different 
behavior they exhibit in the coal cleaning processes.  The spiral refuse is the only fraction 
to contain significant calcite (CaCO3); this result is consistent with the ash chemistry 
analyses (Table 4.3, and figure 4.2), which show that the spiral refuse sample has by far 
the highest CaO percentage.  Conversely, the coarse reject fraction is much enriched in 
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pyrite compared to the other refuse fractions and the corresponding ash chemistry also 
shows the highest iron oxide content.  
 
The data of major elements obtained from ash chemistry analysis of coal samples are 
shown in Table 4.3 and figure 4.2. Higher amount of Al, iron and silicon than other 
elements is clear in figure 4.2. It is also the same for calcium in spiral refuse.  
 
 
 
Table 4.3. Major element analyses of 500°C ash prepared from the coal samples 
Oxide* Clean Coal Feed 
Course 
Refuse 
Spiral 
Refuse 
Thickener 
Underflow 
Al2O3 18.27 15.76 10.41 13.02 16.76 
BaO 0.04 0.03 0.02 0.03 0.07 
CaO 0.62 1.66 0.45 14.71 5.41 
Fe2O3 35.23 40.99 61.48 35.68 26.99 
MgO 0.83 0.75 0.58 0.72 1.09 
P2O5 0.21 0.19 0.15 0.2 0.24 
K2O 2.37 2.05 1.38 1.56 2.28 
SiO2 40.7 36.25 24.41 28.99 44.13 
Na2O 0.43 0.36 0.24 0.23 0.35 
SrO 0.05 0.04 0.02 0.03 0.03 
SO3 0.32 1.17 0.45 4.41 1.91 
TiO2 0.93 0.75 0.43 0.45 0.73 
                     *by X-ray fluorescence (XRF) 
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Figure 4.2. Major elements of high pyritic coal samples 
 
More advanced characterization methods have also performed on these materials, 
including speciation analyses by Mossbauer and X-ray absorption fine structure (XAFS) 
spectroscopies (Appendix I).  Based on the Mossbauer data, almost all of the iron in the 
coal and refuse fractions is present in the form of pyrite (FeS2).  Preliminary XAFS 
results have shown that arsenic is quite significant and largely associated with pyrite, 
whereas selenium is barely detectable in the coal.  Both iron Mossbauer and arsenic 
XAFS spectra indicate that slight oxidation of the pyrite has already commenced, 
particularly in the finer refuse fractions. 
 
The size distribution of thickener underflow sample also is depicted in figure 4.3. the d80 
of sample ( size 80% of the sample by weight) is approximately 100 micron. 
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Figure 4.3. Size distribution of thickener underflow 
 
4.1.2 Characterization of oxidized Coalburg coal, WV 
 
The analyses results of refuse samples of oxidized Coalburg coal, WV, including coarse 
refuse, high frequency screen refuse, and thickener underflow are presented in this 
section. The ultimate (ASTM D3176 – 09) and forms of sulfur (ASTM D2492 – 02) 
analyses for the samples are shown in Table 4.4. The data show that this coal has low 
pyritic sulfur content and it is anticipated that these samples generate pH close to the 
neutral in contact with water and less trace elements associated with pyrite would release. 
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Table 4.4. Ultimate, Forms of sulfur analysis of Coalburg coal samples 
  Ultimate Analysis  of Coal Samples Forms of Sulfur 
Samples 
Ash 
(%) 
Moisture 
(%) 
C 
(%) 
H 
(%) 
N 
(%) 
O 
(%) 
Total S 
(%) 
Sulfate 
(%) 
Organic 
(%) 
Pyritic 
(%) 
Coarse Refuse 62.3 1.1 29.3 2.6 0.5 4.9 0.3 <0.01 0.2 0.2 
 
Thickener 
Underflow 
 
55.5 1.4 35.2 2.7 0.5 5.6 0.5 0.0 <0.01 0.5 
High Freq. 
Screen Over 
72.5 0.9 19.5 2.0 0.5 5.0 0.5 0.0 0.4 0.1 
 
 
4.1.3 Characterization of fly ash samples 
 
Representative analyses (ultimate analysis, major and trace elements analyses) of the fly-
ash samples provided by Dr. Hower are shown in Table 4.5. The five samples show 
similar ash chemistries, although some elements clearly increase or decrease with 
sampling location (ESP hopper).  There is a tendency for the fly-ash to segregate by 
particle size so that the fraction with the coarsest size distribution is found in the first 
hoppers (B2, B4) and that with the finest size distribution in the last hopper (B18).  As is 
well known, the more volatile elements (Na, S, P, As, Zn, Mo, Pb, etc.) tend to associate 
with the finest fly-ash particles.  In contrast, the more refractory elements (Fe, Ca, Ti, Zr) 
show the opposite trend or no significant trend.  Such trends are apparent in the current 
sample set (Table 4.5).  
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Table 4.5. Analyses of fly-ash samples 
   Sample   
ESP row 1 1 2 2 3 
Hopper B2 B4 B10 B12 B18 
%Ash 98.8 98.98 98.27 98.68 98.11 
%Moisture 1.54 1.29 1.34 1.21 0.95 
%Carbon 1.16 0.89 1.4 1.03 0.68 
%Hydrogen 0.11 0.05 0.04 0.04 0.08 
%Nitrogen <0.01 <0.01 <0.01 <0.01 <0.01 
%Total 
Sulfur 
0.32 0.35 0.48 0.48 1.5 
%Oxygen <0.01 <0.01 <0.01 <0.01 <0.01 
%SiO2 49.91 49.81 50.57 50.19 47.86 
%Al2O3 19.29 19.67 19.91 20.39 22.14 
%Fe2O3 18.99 17.9 17.27 16.54 12.91 
%CaO 6.09 5.97 5.98 5.7 5.3 
%MgO 1.06 1.09 1.1 1.12 1.35 
%Na2O 0.49 0.54 0.56 0.62 0.88 
%K2O 2.14 2.24 2.26 2.36 2.74 
% P2O5 0.11 0.12 0.14 0.14 0.35 
%TiO2 0.98 1.01 1 1.04 1.16 
%SO3 0.65 0.82 0.94 1.05 3.87 
ppmV 279 289 297 313 479 
ppmCr 135 136 138 143 171 
ppmMn 282 275 276 266 280 
ppmCo 56 54 52 51 44 
ppmNi 89 91 93 95 128 
ppmCu 105 123 130 146 250 
ppmZn 174 214 233 265 660 
ppmAs 68 76 81 89 198 
ppmRb <1 <1 <1 <1 <1 
ppmSr 328 357 369 401 550 
ppmZr 14 14 14 13 12 
ppmMo 49 68 84 101 257 
ppmCd 1 1 1 1 1 
ppmSb 6 6 6 5 4 
ppmBa 478 489 493 508 691 
ppmPb 42 48 52 58 121 
ppmCl 14 14 12 14 25 
ppmSe 0.3 <1 <1 0.22 <1 
ppmHg <0.01 <0.01 <0.01 <0.01 0.01 
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Also size analysis has been performed for these five fly ash samples. The size analyzing 
of the samples have been done by Sample Size Analyzer machine. Figure 4.4 shows the 
schematic figure of size analyzer machine. 
 
 
Figure 4.4. Particle size analyzer  
 
 
As figure 4.4 demonstrates, this machine first scatter material in deionized water by 
ultrasonic and then scans the particles by passing the laser through the solid-liquid mass 
media and analyzes them. This machine can be applied for samples less than 200 mesh. 
 
The size analysis for the different fly ash samples are summarized in Table 4.6 and figure 
4.7, showing that the sample sizes increase from B18 to B2, B-18 is the finest sample and 
B- 2 has the coarsest size and the particle sizes of the other three samples is pretty close 
together. In this research due to the evaluation of the effect of the particle size of fly ash 
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sample on leaching behavior of fly ash, these two samples are subjected to the dynamic 
leaching test.  
 
Table 4.6. Fly ash sample size analysis 
Sample 
Minimum 
size (µm) 
Maximum 
size (µm) 
d10 
(µm) 
d50 
(µm) 
d80 
(µm) 
d90 
(µm) 
B18 0.04 45.00 1.22 4.23 10.50 13.70 
B12 0.05 112.00 2.26 15.72 45.00 58.83 
B10 0.04 98.50 2.51 19.50 52.00 68.19 
B4 0.04 140.00 3.02 21.82 52.67 65.42 
B2 0.04 180.00 8.50 39.60 72.40 92.03 
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Figure 4.5. Particle size analysis for the fly ash samples 
 
 
 
47 
 
 
4.2 Leaching tests results 
 
4.2.1 Individual material 
 
In this study, static and kinetic leaching tests were initiated on the individual samples of 
the different coal refuse streams as well as fly ash samples. Frequent measurements of 
pH, Eh, and conductivity have been made on the supernatant liquids in the static test and 
similar measurements were also conducted on the leach water collected weekly from the 
kinetic tests. The results of the variation of pH, conductivity, and release of the trace 
elements over time for the individual coal waste samples and fly ash samples are 
discussed in the following sections. 
 
4.2.1.1 High pyritic coal 
 
Variation of pH with time for both dynamic and static leaching tests is shown in Figures 
4.5. The values of pH and Eh of the supernatant liquids in both tests showed a wide range 
for the different fractions, varying from neutral to relatively acidic (pH ~3 for the coarse 
high sulfur coal refuse), and each remained fairly constant for the entire leaching period 
(19 weeks). The difference in the pH values is due to the difference in mineralogy of the 
different fractions. Among high pyritic coal refuse samples, the coarse refuse has the 
highest content of pyritic sulfur, and in contact with water generates a lower pH than the 
other fractions. The spiral refuse and thickener underflow fractions have higher amounts 
of alkali and alkaline earth elements which buffer the pH of the solution, especially in 
static leaching test.  
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Figure 4.6. Variation over time of the pH of supernatant liquids in contact with various 
coal refuse fractions of high pyritic coal seam, IN, in the both static and dynamic 
leaching test.  Note the wide range of pH exhibited by the different fractions.  
 
   
The electrical conductivity of a solution provides an indirect measure of the amount of 
dissolved ions in that solution (Rhoades, 1982; Stewart et al, 2001). The variation of 
conductivity with time for the dynamic leaching test is shown in Figure 4.6. 
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Figure 4.7. Variation over time of the conductivity of supernatant liquids in contact with 
various coal refuse fractions in the dynamic leaching test.   
 
 
Due to the higher pyritic content of the 5-B central coal seam, IN, more sulfate and trace 
elements associated with pyrite are released, thereby increasing the conductivity of the 
leachate solution, especially in coarse refuse fraction which has the highest pyrite 
content. In Figure 4.7, the conductivity of the combined leachate samples of the dynamic 
leaching tests versus static tests, for the different coal waste stream is depicted.  
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Figure 4.8. Conductivity of supernatant liquids in contact with various coal refuse 
fractions in the static and dynamic leaching tests. 
 
The correlation of conductivity and released ions in the dynamic column leaching test for 
the high pyritic thickener underflow, spiral refuse and coarse refuse has been determined 
to be 0.95, 0.85, and 0.33, respectively. The high correlation between conductivity and 
sulfate for thickener underflow and spiral refuse implies that sulfate anions are the 
predominant soluble anions being extracted in the dynamic leaching test for these 
samples (Huggins et al, 2012; Gray, 1996). The lower correlation value for the coarse 
refuse sample would appear to indicate a more complicated situation at lower pH values. 
 
The concentration of thirty elements in the leachates was determined by ICP-OES. In 
Tables 4.7 to 4.9 the ICP data of 19 weeks cyclic dynamic leaching test for the three 
waste streams are listed, even for those having concentrations below minimum detection 
limit (MDL) in all samplings. The elemental mass leached can be easily derived by 
multiplying the concentration by the volume of leachant collected for each cycle. The 
coarse refuse also shows by far the highest leaching of iron and arsenic (q.v. Table 4.7) 
and this is due to the high content of pyrite in the fraction, the strong association of 
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arsenic with pyrite, and the highly acidic solution that is generated when water is in 
contact with the coarse refuse.  In contrast, the spiral refuse shows minimal or negligible 
releases of arsenic and iron, but significant release of calcium.  For this fraction, 
dissolution of calcium is retarding acid generation and related leaching of elements from 
pyrite.  These observations help explain the different pH response and leaching behavior 
that we have seen with the different refuse fractions and emphasize the importance of the 
role of the mineralogy in determining the leachability of elements from coal refuse. Trace 
elements of concern in the CAAA released amount (mg) over the period of time of the 
dynamic leaching test for different high pyritic waste samples are depicted in Figures 4.9 
to 4.11.  In these Figures Na, Mg, Ca, Sr release (%) are shown separately since these 
metal ions are relatively readily soluble  in water and can buffer the pH of solution, while 
the larger metal ions in these groups, K
+
 and Ba
2+
 were more resistant to leaching. The 
trace elements that were not released or their amount of release was negligible are not 
plotted. In figure 4.12, the cumulative extraction (mg) of sulfate for the different waste 
samples during the dynamic leaching test has been depicted. The sulfate concentration 
and iron concentration are indicators of pyrite oxidation in each sample and the highest 
amount and rate for both ions and therefore for the pyrite oxidation is related to the 
coarse refuse.  
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Table 4.7. Element concentration (mg/L) data from ICP measurements on leachates from 
the dynamic leaching test on high pyritic coarse refuse material 
 
Test Period (week) 
Elements 1_2 3_4 5_7 8_11 12_15 16_19 
Aluminum 56.5 18 24 32.5 44.1 55.4 
Antimony 0.1 0.05 0.06 0.07 0.07 0.08 
Arsenic 1.55 0.32 1.12 3.21 5.17 6.3 
Barium 0.02 0.02 0.02 0.02 0.02 0.02 
Beryllium 0.07 0.02 0.01 0.009 0.006 0.006 
Boron 4.77 1.99 2.55 2.51 3.97 5.81 
Cadmium 0.08 0.02 0.04 0.03 0.07 0.08 
Calcium 257 135 88.7 70.9 57.5 50.1 
Chromium 0.81 0.32 0.42 0.45 0.4 0.41 
Cobalt 2 0.39 0.18 0.11 0.09 0.09 
Copper 0.79 0.26 0.27 0.27 0.37 1.14 
Gold <MDL <MDL <MDL <MDL <MDL <MDL 
Iron 2570 1070 1550 1900 1960 2130 
Lead 0.09 <MDL <MDL 0.02 0.06 0.09 
Lithium 0.3 0.08 0.06 0.09 0.14 0.17 
Magnesium 108 40.7 26.7 24.2 36.8 41.5 
Manganese 31.4 14.5 10.4 6.89 4.09 3.57 
Nickel 6.77 1.29 0.79 0.62 0.64 0.58 
Phosphorus 2.15 0.44 1.54 5.33 8.8 9.38 
Potassium 7.9 3.66 4.6 5.17 33.7 12.1 
Selenium <MDL <MDL <MDL <MDL <MDL <MDL 
Silicon 4.56 3.18 3.02 5.04 24.1 19.7 
Silver <MDL <MDL <MDL <MDL 0.004 0.007 
Sodium 149 10.7 5.97 7.28 23.1 29.3 
Strontium 1.56 0.37 0.21 0.23 0.29 0.32 
Sulfur 2240 891 1190 1400 1480 1670 
Thalium 0.08 <MDL <MDL <MDL <MDL <MDL 
Tin 0.02 <MDL <MDL <MDL <MDL 0.013 
Vanadium 0.09 0.03 0.05 0.05 0.04 0.03 
Zinc 1.52 0.71 0.59 0.57 0.74 1.3 
Sulfate 6600 2560 3730 1590 4730 5250 
Vol.(ml) 265 299 412 552 536 504 
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Table 4.8. Element concentration (mg/L) data from ICP measurements on leachates from 
the dynamic leaching test on high pyritic thickener underflow 
 
Test Period (week) 
Elements 1_2 3_4 5_7 8_11 12_15 16_19 
Aluminum <MDL <MDL <MDL <MDL <MDL <MDL 
Antimony <MDL <MDL <MDL <MDL <MDL <MDL 
Arsenic <MDL <MDL <MDL <MDL <MDL <MDL 
Barium 0.04 0.03 0.02 0.025 0.03 0.04 
Beryllium <MDL <MDL <MDL <MDL <MDL <MDL 
Boron 1.35 1.85 1.08 0.67 0.71 0.78 
Cadmium 0.001 <MDL <MDL <MDL <MDL <MDL 
Calcium 400 686 642 508 357 337 
Chromium <MDL <MDL <MDL <MDL <MDL <MDL 
Cobalt 1.46 0.28 0.15 0.04 0.03 0.03 
Copper 0.02 0.02 0.01 0.006 0.02 0.02 
Gold <MDL <MDL <MDL <MDL <MDL <MDL 
Iron <MDL <MDL <MDL <MDL <MDL 0.06 
Lead <MDL <MDL <MDL <MDL <MDL <MDL 
Lithium 0.11 0.06 0.02 0.01 0.02 0.02 
Magnesium 105 80 22.7 7.75 6.87 7.58 
Manganese 7.29 6.73 4.04 1.47 1.5 1.73 
Nickel 2.31 0.44 0.24 0.08 0.09 0.09 
Phosphorus 0.1 0.03 0.02 0.02 0.02 0.03 
Potassium 16.3 14.3 7.33 4.06 7.69 5.84 
Selenium 0.16 0.12 0.05 0.025 0.015 <MDL 
Silicon 1.62 2.28 1.89 1.9 9.14 9.44 
Silver <MDL <MDL <MDL 0.005 0.005 <MDL 
Sodium 111 34 7.99 3.51 3.92 5.25 
Strontium 1.52 1.57 1.07 0.73 0.52 0.48 
Sulfur 576 898 600 397 286 253 
Thalium <MDL <MDL <MDL <MDL <MDL <MDL 
Tin <MDL <MDL <MDL <MDL <MDL <MDL 
Vanadium <MDL <MDL <MDL <MDL <MDL <MDL 
Zinc 0.07 0.07 0.03 0.02 0.02 0.01 
Sulfate 1440 1670 1470 1100 868 818 
Vol. (ml) 139 192 315 407 354 337 
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Table 4.9. Element concentration (mg/L) data from ICP measurements on leachates from 
the dynamic leaching test on high pyritic spiral refuse. 
 
Test Period (week) 
Elements 1 2 3_4 5_7 8_11 12_15 16_19 
Aluminum <MDL <MDL <MDL <MDL 0.07 <MDL 0.16 
Antimony <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Arsenic <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Barium 0.025 0.02 0.02 0.02 0.02 0.02 0.02 
Beryllium 0.001 <MDL <MDL <MDL 0.001 0.001 0.002 
Boron 0.91 0.62 0.33 0.33 0.21 0.39 0.27 
Cadmium 0.02 0.01 0.005 0.008 0.004 0.005 0.005 
Calcium 540 605 514 673 679 666 662 
Chromium 0.04 <MDL <MDL <MDL <MDL <MDL <MDL 
Cobalt 3.79 1.21 0.41 0.35 0.13 0.09 0.07 
Copper 0.03 <MDL 0.009 0.04 0.05 0.07 0.07 
Gold <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Iron 204 16.3 3.42 32.5 39.8 46.5 38.3 
Lead <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Lithium 0.25 0.08 0.03 0.03 0.02 0.03 0.04 
Magnesium 106 82.1 24.9 17.7 10.2 11.1 13.9 
Manganese 22.6 18.8 9.39 12.2 8.71 9.9 12 
Nickel 7.12 2.45 0.81 0.93 0.54 0.45 0.42 
Phosphorus 0.04 0.02 <MDL <MDL 0.01 0.02 0.02 
Potassium 13.4 6.3 3.36 3.66 3.57 10.3 6.93 
Selenium 0.09 0.19 0.07 0.06 0.04 0.03 0.04 
Silicon 2.65 2.83 2.09 2.91 3.06 11.7 8.37 
Silver <MDL <MDL <MDL <MDL <MDL 0.004 0.005 
Sodium 230 80.8 11.1 5.67 4.08 4.57 4.81 
Strontium 1.72 0.97 0.59 0.74 0.84 0.86 0.96 
Sulfur 927 747 526 712 736 669 612 
Thalium <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Tin <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Vanadium <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Zinc 0.55 0.32 0.07 0.13 0.17 0.35 0.5 
Sulfate 2500 1820 1240 1560 1460 1670 1900 
Vol. (ml) 120 130 288 397 511 540 472 
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Figure 4.9. ICP-MS results for the coarse refuse of high sulfur content coal 
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Figure 4.10. ICP-MS results for the thickener underflow of high sulfur content coal 
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Figure 4.11. ICP-MS results for the spiral refuse of high sulfur content coal 
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Figure 4.12.Cumulative extraction of sulfate (mg) during cyclic dynamic leaching test. 
 
 
The total extractions of trace elements from the high pyrite waste samples after 19 weeks 
of the dynamic leaching tests and 6 months of the static leaching tests are summarized in 
Table 4.5. 
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Table 4.10. Cumulative amounts (mg) based on ICP measurements of elements in 
leachates over the 19 week long dynamic and 6 month long static leaching tests on 200 g 
of each waste sample.  
  
Elements 
Coarse Refuse Spiral Refuse 
Thickener 
Underflow 
Dynamic Static Dynamic Static Dynamic Static 
Aluminum 99.74 2.79 0.11 0.00 0.00 0.00 
Antimony 0.18 0.00 0.00 0.00 0.00 0.00 
Arsenic 8.69 0.01 0.00 0.00 0.00 0.00 
Barium 0.05 0.00 0.05 0.00 0.05 0.00 
Beryllium 0.04 0.01 0.00 0.00 0.00 0.00 
Boron 9.35 0.43 0.86 0.07 1.67 0.13 
Cadmium 0.14 0.00 0.02 0.00 0.00 0.00 
Calcium 240.22 70.88 1577.74 62.94 836.25 40.26 
Chromium 1.15 0.02 0.00 0.00 0.00 0.00 
Cobalt 0.88 0.02 1.02 0.00 0.34 0.00 
Copper 1.32 0.06 0.12 0.00 0.03 0.00 
Gold 0.00 0.00 0.00 0.00 0.00 0.00 
Iron 4812.46 95.17 104.01 0.00 0.02 0.00 
Lead 0.11 0.01 0.00 0.00 0.00 0.00 
Lithium 0.34 0.05 0.11 0.02 0.05 0.01 
Magnesium 105.79 27.98 55.36 8.71 45.25 5.10 
Manganese 24.74 9.12 28.16 0.30 5.29 0.10 
Nickel 3.48 0.23 2.49 0.00 0.58 0.01 
Phosphorus 13.72 0.00 0.03 0.00 0.05 0.00 
Potassium 32.10 1.14 15.50 2.08 13.66 1.03 
Selenium 0.00 0.00 0.14 0.00 0.08 0.00 
Silicon 29.03 6.42 14.28 0.13 8.45 0.18 
Silver 0.01 0.00 0.00 0.00 0.00 0.00 
Sodium 76.31 36.96 50.37 28.00 29.06 7.26 
Strontium 1.05 0.19 2.14 0.23 1.49 0.13 
Sulfur 3758.05 187.44 1668.72 79.07 789.56 38.67 
Thalium 0.02 0.01 0.00 0.00 0.00 0.00 
Tin 0.01 0.00 0.00 0.00 0.00 0.00 
Vanadium 0.12 0.00 0.00 0.00 0.00 0.00 
Zinc 2.22 0.21 0.69 0.00 0.05 0.00 
Sulfate 10110.16 578.16 4057.70 238.56 2014.49 122.65 
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These data confirm that the dynamic leaching test is more aggressive than the static 
leaching test with respect to leaching of most elements from the waste samples. The 
maximum release of the trace elements is related to coarse refuse sample where it is 
subjected to the dynamic leaching test, where the high amount of pyrite is oxidized and 
most of the trace elements are released under the acidic conditions, whereas lower 
amount of release of the trace elements under neutral pH condition in spiral refuse and 
thickener underflow leaching tests.  
 
4.2.1.2 Oxidized Coalburg samples, WV 
 
Variation of pH with time for dynamic and static leaching tests is shown in figure 4.13. 
The pH of the supernatant liquids in contact with various coal refuse fractions of oxidized 
Coalburg seam in the leaching tests is close to neutral. The pH of the supernatant liquids 
in the static leaching test is slightly lower than those of the dynamic leaching test. Our 
hypothesis is that since these samples are oxidized coal, in contact with water they 
release humic acids and therefore slightly decrease the pH of the solution (Pawlik, 
Laskowski, & Liu, 1977; Dube, R). 
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Figure 4.13. Variation over time of the pH of supernatant liquids in contact with various 
coal refuse fractions of Coalburg seam, WV, in the both static and dynamic leaching test. 
  The variation of conductivity with time for the dynamic leaching test is shown in Figure 
4.14. 
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Figure 4.14. Variation over time of the conductivity of supernatant liquids in contact with 
various coal refuse fractions in the dynamic leaching test. 
 
Comparing the conductivity values of the supernatant liquids in contact with different 
refuse streams of both high pyritic, IN, (tabl4.5) and Coalburg, WV, coal seams shows 
that the conductivity of supernatant liquids in contact with different refuse fractions of 
the Coalburg seam is much lower than those of the high pyritic coal seam. The reason is 
likely due to the higher pyritic content of the 5-B central coal seam, IN, and therefore 
more sulfate and trace elements associated with pyrite are released and increase the 
conductivity of the leachate solution. The U.S. Environmental Protection Agency (EPA) 
has issued guidance on water quality requirements for coal mines in Appalachia. The 
guidance establishes a range of between 300-500 microsiemens as triggering close 
scrutiny by EPA of the permit application and anything above 500 microsiemens as cause 
for EPA to deny a Clean Water Act (CWA) permit. This comparison shows that to meet 
this EPA guideline, pyrite needs to be treated from waste streams and be stored 
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separately.  In figure 4.9, the conductivities of the combined leachate of the dynamic 
leaching tests versus static tests, for the different coal waste streams are depicted.  
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Figure 4.15. Conductivity of supernatant liquids in contact with various coal refuse 
fractions in the static and dynamic leaching tests 
 
The comparison between the cumulative amount (mg) of release of the trace elements 
over 19 weeks of the dynamic leaching tests for the refuse samples of 5-B central seam, 
IN, and Coalburg seam, WV, is shown in 4.6.  Except some elements like sodium, 
amount of trace elements in high pyritic coal sample, IN, is much more than oxidized 
Coalburg seam, WV. One reason is high amount of pyrite in 5-B central seam and 
therefore, much more trace elements associated with pyrite are released. 
 
Based on this results, adding the processing units like multi gravity separator (MGS) or 
spirals at the plants to separate pyrite from refuse streams, and then storing pyrite 
separately and applying some other strategies like solidification or the other methods to 
keep pyrite from oxidation, may decrease not only the conductivity but also the release of 
the trace elements especially those associated with pyrite.  
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Table 4.11. Cumulative amounts (in mg) based on ICP measurements of elements in 
leachates over the 19 week long dynamic on 200 g of refuse samples of the Coalburg 
seam.  
Elements\ Coarse  
High 
Freq. Thickener  
Refuse Over Underflow 
Aluminum 0.00 0.00 0.00 
Antimony 0.00 0.00 0.00 
Arsenic 0.00 0.00 0.00 
Barium 0.41 0.07 0.14 
Beryllium 0.00 0.00 0.00 
Boron 0.14 0.04 0.07 
Cadmium 0.00 0.00 0.00 
Calcium 152.30 100.22 35.48 
Chromium 0.00 0.00 0.00 
Cobalt 0.01 0.07 0.02 
Copper 0.14 0.43 0.07 
Gold 0.00 0.00 0.00 
Iron 0.00 0.02 0.04 
Lead 0.07 0.00 0.02 
Lithium 0.20 0.11 0.03 
Magnesium 57.33 44.39 17.91 
Manganese 0.54 5.52 0.71 
Nickel 0.05 0.07 0.02 
Phosphorus 0.54 0.07 0.16 
Potassium 58.15 27.35 17.56 
Selenium 0.20 0.09 0.03 
Silicon 40.28 7.91 11.77 
Silver 0.00 0.00 0.00 
Sodium 123.87 55.83 61.73 
Strontium 0.81 0.81 0.59 
Sulfur 141.47 140.13 77.39 
Thalium 0.00 0.00 0.00 
Tin 0.00 0.00 0.00 
Vanadium 0.00 0.00 0.00 
Zinc 0.47 0.43 0.10 
Sulfate 494.14 425.98 233.03 
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4.2.1.3  Fly ash samples 
 
The fly ash samples were used to make preliminary assessments of applying the 
important leaching method, which is a variation of the ASTM Standard Test Method 
D5744 - 07 (Laboratory Weathering of Solid Materials Using a Humidity Cell), to 
commercial fly-ash samples. All the five samples were subjected to the static leaching 
test, but only two, the finest and coarsest ones, were subjected to the dynamic column 
leaching test, due to difference between their both mineralogy and particle size. Frequent 
measurements of pH and Eh have been made on the supernatant liquids in the static test 
and similar measurements are also being conducted on the leach waters collected weekly 
from the kinetic tests. The pH of static leaching test for theses samples over time (6 
month) is presented in figure 4.16. 
 
 
Figure 4.16. Variation with time of the pH of supernatant liquids in contact with various 
fly ash samples in the static leaching test.  
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 As figure 4.16 shows all the Fly ash samples in contact with water generates alkaline pH 
due to the release of alkali and alkaline elements in water. The finest fly ash samples (B-
18) generates lower pH due to relatively higher sulfate content. 
B-2 fly ash sample (the coarsest one) seems to have highest buffer capability, however, to 
compare the effect of particle size and mineralogy of the finest and coarsest fly ash on 
release of trace elements, both B-18 and B-2 samples were subjected to the dynamic 
column leaching test. 
 
The results of the pH and conductivity over the experiment time (5 month) are shown in 
figures 4.17 and 4.18, respectively. 
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Figure 4.17. Variation with time of the pH of supernatant liquids in contact with various 
fly ash samples in the dynamic leaching test. 
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Figure 4.18. Variation over time of the conductivity of supernatant liquids in contact with 
fine and coarse fly ash samples in the dynamic leaching test.   
 
Figure 4.17 shows that after three weeks the pH of the leachate for both samples stays 
between 8 and 9, while in the static leaching test the pH of both samples stays in their 
different range of pH. The reason is due to the different mechanism of these two tests. In 
the dynamic leaching test, elements are leached weekly and therefore, after a few weeks 
most of the sulfate ions and alkali and alkaline trace elements are leached and both of the 
samples show the roughly similar trends. Whereas the initial pH was above 12 for fly-ash 
B2 in both types of test, subsequent weekly pH values for the kinetic test ranged between 
8 and 9, while the pH for the same ash in the static test remained above 12 throughout the 
entire testing period. The same reason can be assumed for that. Our explanation for this 
difference in behavior is attributed to the mobility of sodium.  Sodium in the ash was 
leached at the most amount from the coarse fly-ash in the first weekly cycle of the kinetic 
test (Figure 4.19) and subsequent pH values were reduced because the buffering ability of 
this sodium was absent during the remaining duration of the test. In contrast, in the 
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baseline test, no sodium was removed from the leachate during the test and the pH 
remained constant. The ions in the static leaching test stay at the system over the time of 
the experiment and their equilibrium determine the pH of the supernatant water. 
 
Figure 4.19 shows the cumulative extraction of the elements from coarse fly ash (B-2) 
sample over the time of dynamic column leaching test. Also comparison of the analyses 
of leachates (mg) from coarse fly ash (B-2) static and dynamic leaching test and fine fly 
(B-18) ash static leaching tests is shown in Table 4.11. Higher extraction of sulfur in B-
18 explains the lower pH of this sample in the static leaching test. 
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Figure 4.19. Trace elements released from coarse (B-2) fly ash samples in dynamic 
column leaching test.   
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Table 4.12.Comparison of analyses of leachates (mg) from leach tests on different fly ash 
samples. 
Elements 
Dynamic 
B-2     
Fly Ash 
Static 
B-2    
Fly Ash 
Static     
B-10      
Fly Ash 
Static B-
18        
Fly Ash 
Aluminum 0.61 2.07 0.00 0.34 
Antimony 0.08 0.00 0.00 0.00 
Arsenic 0.09 0.01 0.00 0.02 
Barium 0.11 0.00 0.00 0.00 
Beryllium 0.00 0.00 0.00 0.00 
Boron 72.25 0.08 0.00 24.62 
Cadmium 0.00 0.00 0.00 0.00 
Calcium 685.28 0.11 1.79 33.06 
Chromium 0.67 0.01 0.00 0.00 
Cobalt 0.00 0.00 0.00 0.00 
Copper 0.02 0.01 0.01 0.00 
Gold 0.00 0.00 0.00 0.00 
Iron 0.02 0.05 0.00 0.01 
Lead 0.00 0.00 0.00 0.00 
Lithium 1.74 0.48 0.00 2.06 
Magnesium 98.31 0.00 0.79 41.50 
Manganese 0.03 0.00 0.10 0.01 
Nickel 0.03 0.00 0.00 0.02 
Phosphorus 0.10 0.03 0.00 0.06 
Potassium 75.93 38.40 0.49 147.44 
Selenium 0.00 0.00 0.00 0.00 
Silicon 11.89 0.51 0.14 0.32 
Silver 0.00 0.00 0.00 0.00 
Sodium 75.78 25.80 1.00 165.68 
Strontium 1.66 0.01 0.01 0.06 
Sulfur 584.03 1.21 2.50 237.88 
Thalium 0.00 0.00 0.00 0.01 
Tin 0.01 0.00 0.00 0.00 
Vanadium 0.27 0.01 0.00 0.04 
Zinc 0.02 0.00 0.01 0.00 
Sulfate 1661.95 3.89 7.60 782.80 
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Among the major and trace elements just Na, Ca, Mg, K, Li, B, Al, Si, S and Sulfate are 
released which explains usually alkali and alkaline earth elements trailed by sulfate are 
readily soluble in water. Also for these elements, the amount of release is usually higher 
for finer fly ash than coarser fly ash, and it could be due to either higher amount of sulfur 
and therefore more sodium or calcium are needed to buffer the pH and generate jarosite 
or gypsum and retard the release of the trace elements, or finer size distribution of the fly 
ash samples and more surface area in contact with water. However, the mentioned 
elements and the other elements showed no leaching or very small amount of leaching 
behavior when contacting with water in static leaching test. However, due to higher 
oxidation rate in column leaching test not only the mentioned elements had higher 
amount of release but also the other elements (Sb, As, Ba, Cr, Sr,V) are released during 
the column leaching test as well.  
 
4.2.1.4 Conclusions 
 
The data in previous sections showed that the coarse fly-ash and coarse coal refuse 
exhibited the highest and lowest values of pH, respectively, during the leaching tests.  
Also comparison of the analyses of leachates from the leaching tests, reveals that these 
two materials tend to either both have the highest mobilities for an element (e.g. Al, Si, 
As, Cr, Cu, Fe, Li, Na, Zn) or one material exhibits the highest mobility for an element 
and the other the least (e.g. Co, Mg, Mn, Ni, P, K, Sr, S). This observation suggests that 
the mobilities of most elements are enhanced under either highly alkaline or acidic 
conditions, but that the mobilities of a few elements can be enhanced under both 
conditions.  Hence, to minimize element mobility, a good strategy would be to keep the 
pH as close to neutral as possible.  Support for this strategy was noted in the data for the 
thickener underflow and spiral refuse wastes, which exhibit pH trends close to neutral, 
and tend to show less leaching of the elements than the coarse coal refuse (Table 4.5).  
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4.2.2 Intermediate baseline leaching tests on mixture material 
 
In this research, we investigate (i) how to modify rejects from coal cleaning to enhance 
the buffering capabilities of leachable alkali and alkaline earth metals so as to minimize 
the rates of leaching of hazardous trace metals; and (ii) to discover possible synergistic 
and antagonistic effects between the leaching of metals in fly-ash and coal cleaning 
rejects so as to identify coal-cleaning and waste disposal strategies that might be used to 
minimize the rates of leaching of metals from these materials.   
 
4.2.2.1 Co-disposed coarse refuse with thickener underflow 
 
Based on the conclusion of leaching tests on individual samples, a preliminary study was 
conducted to test the feasibility of neutralizing the pH of the coarse refuse stream by 
using the buffering capability of the other waste streams. Towards this goal, a set of static 
leaching tests was conducted at different thickener underflow-to-coarse refuse ratios. Test 
results shown in Figure 4.20 indicate that all ratios ≥ 2 provide the buffering action 
needed to maintain the pH near neutral.  
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Figure 4.20. Variation of leachate pH over a range of thickener underflow-to-coarse coal 
refuse ratios for the high sulfur content coal. 
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4.2.2.2 Treated coarse refuse with fly ash 
 
To determine the ratio of coarse refuse to coarse fly-ash that would give leachate pH 
values close to neutral, mixtures of coarse refuse and coarse fly-ash were prepared at 
20% intervals and placed under water in a manner similar to the static test.  The pH was 
then measured daily for 100 days.  The results are shown in Figure 4.21. 
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Figure 4.21. Variation of pH of leachate solutions in contact with mixtures of the coarse 
coal refuse and the coarse fly-ash (B-2) for various periods. 
 
From Figure 4.21, it was deduced that the optimum ratio of coarse coal refuse to coarse 
fly-ash to ensure near neutral leachate solutions for the mixtures is approximately 2:1. 
 
Accordingly, kinetic and baseline leaching tests were conducted on a mixture of these 
materials at a 2:1 ratio to verify the hypothesis that a controlled mixture of these 
materials results in less element mobility than either of the individual materials 
themselves. The results are discussed in the next section.  
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4.2.3 Long term leaching tests on mixture materials 
 
Based on the results of the leaching characteristics of coal waste samples and fly ash 
samples, as well as results of the intermediate leaching tests on co-disposed coarse refuse 
and thickener underflow streams and coarse refuse mixed with the fly ash, further studies 
were performed on the long term dynamic and static leaching characteristics of the mixed 
waste materials. 
 
4.2.3.1 Co-disposed coarse refuse and thickener underflow 
 
Although the intermediate static leaching test results showed that a ratio of at least 2 is 
needed to neutralize the pH of the aqueous medium in contact with mixtures of the coarse 
refuse and thickener underflow streams long-term static leaching (9 months) and dynamic 
leaching (5 months) tests were conducted on the co-disposed samples with ratios of 1:1 
and 2:1 thickener underflow to coarse refuse. The variation of pH with time for the 
dynamic and static leaching tests is shown in Figures 4.22 for the 1:1 and 1:2 mixtures. 
The pH variation of supernatant liquids in static leaching tests was found to be consistent 
with the results of intermediate test, and the ratio of thickener underflow to coarse refuse 
should be at least equal to 2 in order to medium get buffered. However, in dynamic 
leaching tests with a mixing ratio of 2:1, the pH trends were decidedly acidic (Figure 
4.25). 
 
A possible explanation for this observation is that pyrite oxidizes much more rapidly in 
the dynamic tests than in the static tests and overwhelms the buffering capability afforded 
by components in the thickener underflow stream. The comparison of the conductivity of 
combined leachant water from the samples over the entire period of dynamic leaching 
tests and the related value of static leaching tests is demonstrated in figure 4.23, 
indicating the better effectiveness of the static condition than dynamic condition in 
decreasing the conductivity of high pyritic sulfur coarse refuse stream.  
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Figure 4.22. Variation over time of the pH of supernatant liquids in contact with co-
disposed coarse refuse and thickener underflow of high pyritic coal samples, in the both 
static and dynamic leaching test.   
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Figure 4.23. Conductivity of supernatant liquids in contact with various coal refuse and 
co-disposed coarse refuse and thickener underflow, in the static and dynamic leaching 
tests. 
 
The total extractions (mg) of trace elements from the co-disposed samples after 19 weeks 
of the dynamic leaching tests and 9 months of the static leaching tests are summarized in 
Table 4.12. The data indicate that the effectiveness of the test conditions for minimizing 
the mobility of the trace elements is as follows: Dynamic thickener underflow-to-coarse 
refuse: 1:1 >  Dynamic thickener underflow-to-coarse refuse: 2:1 > Static thickener 
underflow-to-coarse refuse: 1:1 > Static thickener underflow-to-coarse refuse: 2:1. 
Comparing the data of Table 4.5 and 4.12 indicates that storage of co-disposed coarse 
refuse and thickener underflow under water retards pyrite oxidation, acid generation and 
release of trace elements by neutralizing the pH using buffer capability of alkali and 
alkaline earth elements. 
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The other advantages of co-disposal have been well discussed by Williams (1995). Some 
of the advantages are: it eliminates the need for a coarse reject truck hauling system, the 
disposal operating costs can be reduced by up to 85%, it can provide up to 40% more 
water recovery from the waste than that of the separate disposal of coarse reject and wet 
tailings, it provides 40% a denser packing results due to the wide size distribution and 
therefore can save 40% storage volume compared with separate disposal.  
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Table 4.13. Cumulative amounts (in mg) based on ICP measurements of elements in 
leachates over the 19 week long dynamic and 9 month long static leaching tests on 200 g 
of each waste sample.  
Elements 
Th.Uf/C.R=1/1 Th.Uf/C.R=1/2 
Dynamic Static Dynamic Static 
Aluminum 160.03 1.75 113.97 0.21 
Antimony 0.16 <MDL 0.11 <MDL 
Arsenic 2.84 0.00 0.58 <MDL 
Barium 0.04 0.00 0.04 0.00 
Beryllium 0.04 0.00 0.04 <MDL 
Boron 8.18 0.31 5.92 0.19 
Cadmium 0.09 0.00 0.09 <MDL 
Calcium 1175.61 58.61 1164.20 68.79 
Chromium 0.98 0.00 0.73 <MDL 
Cobalt 1.65 0.01 1.76 0.00 
Copper 3.31 0.03 2.34 0.01 
Gold <MDL <MDL <MDL <MDL 
Iron 4385.07 2.42 3000.65 1.46 
Lead 0.11 0.01 0.09 <MDL 
Lithium 0.45 0.04 0.33 0.02 
Magnesium 129.85 32.30 103.51 16.82 
Manganese 37.55 9.36 35.84 1.59 
Nickel 6.01 0.03 5.61 0.00 
Phosphorus 23.47 0.00 11.11 0.01 
Potassium 17.28 1.76 10.37 1.15 
Selenium <MDL 0.01 <MDL 0.00 
Silicon 38.22 4.30 38.73 0.42 
Silver 0.01 0.00 0.01 0.00 
Sodium 86.94 19.09 48.97 9.54 
Strontium 1.27 0.35 1.47 0.27 
Sulfur 4347.08 111.22 3323.42 82.13 
Thalium 0.11 0.01 0.09 <MDL 
Tin 0.04 <MDL 0.04 <MDL 
Vanadium 0.25 <MDL 0.16 <MDL 
Zinc 6.28 0.09 5.94 0.01 
Sulfate 12739.50 348.54 9660.84 279.56 
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4.2.3.2 Treated coarse refuse with fly ash 
 
Similar long-term dynamic and static leaching tests of coarse coal-refuse/coarse fly-ash 
mixtures (2:1 and 1:2 by weight) were performed to evaluate the mixed waste strategy for 
minimizing the rates of leaching of metals from these materials.  The results on pH trends 
with time for the 2:1 and 1:2 mixtures of coarse coal refuse and coarse fly ash are shown 
in Figure 4.24.  As can be seen from this figure, there is a slow trend towards lower pH 
values over time; however, there is a difference between the two types of test. The results 
for the static (baseline) test are more or less compatible with those obtained in the 
intermediate static test and in accordance with expectations based on the data for the 
individual components, whereas the results for the dynamic tests are contrary to 
expectation and indicate pH trends that are considerably more acidic than those observed 
in the static (baseline) test. Our hypothesis is that the static test, which is conducted 
entirely under water, allows for better mutual control of the alteration of the mixed coarse 
ash and coarse coal refuse fractions since the alkali and alkaline earth elements released 
from the fly ash are not taken out of the solution, whereas the conditions of the kinetic 
test, especially during the exposure to air, allows the differential alteration of the ash and 
coal refuse as separate components. Hence, in the case of the static test, the behavior of 
the mixtures in the leaching test is consistent with the average of the behavior of the 
individual ash and coal-refuse components, whereas for the kinetic test, the alteration is 
dominated by that of the coal refuse.  Presumably, this result implies that the rates of 
element leaching from the coarse refuse greatly exceed that of the fly-ash. The variation 
of the conductivity of the original coal and fly ash samples and the treated coarse refuse 
with fly ash in both static and dynamic leaching tests are demonstrated in figures 4.25 
and 4.26. In figure 4.26, For the dynamic leaching the conductivity is related to the 
combined of the leachates over the 17 weeks of the test. 
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Figure 4.24. Variation of pH against time for mixtures of coarse coal refuse (CR) and 
coarse fly ash (FA) for the static (baseline) and dynamic (ASTM) tests. 
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Figure 4.25. Conductivity of supernatant liquids in contact with various coal refuse, fly 
ash and mix of them, in the static and dynamic leaching tests. 
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Figure 4.26. Conductivity of supernatant liquids in contact with various coal refuse, fly 
ash and mix of them, in the static and dynamic leaching tests. 
 
Element concentrations (mg/L) from ICP measurements on leachates from the dynamic 
leaching test on mixtures of the coarse refuse stream with fly ash are listed in Table 4.13. 
Results on the cumulative amounts of major and trace elements leached from these 
mixtures under the dynamic and static tests are summarized in Table 4.14. Although the 
leaching times for the dynamic tests on the original materials are different from those on 
the mixtures, leaching time for mixture is 2 weeks less than the original samples due to 
experimental error happened, the results are extremely illuminating as to what is 
happening to individual elements. The data of Table 4.14, show that generally treating the 
coarse refuse with fly ash in both static and dynamic conditions, decreases the release of 
the trace elements significantly. However, the static condition is much more efficient in 
minimizing release of the trace elements since pyrite oxidizes less rapidly and also alkali 
and alkaline earth elements in the system buffer the pH and retard pyrite oxidation, acid 
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generation and release of the trace elements. Table 4.15 shows the same data, but as 
percentages of the maximum leached for a given element in the four tests in dynamic 
condition.  The advantage of this representation is that the behavior of the different 
elements can be compared and contrasted more readily.  As can be seen from this Table, 
the elements exhibit very different leaching behavior in the four tests. Some elements are 
most effectively leached from the coarse refuse, whereas others are most effectively 
leached from the fly ash, and very few are leached as much from the mixtures. 
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Table 4.14. Element concentration (mg/L) data from ICP measurements on leachates 
from the dynamic leaching test on treated coarse refuse stream with fly ash 
Elements\Cycle(s) 
Coarse Refuse / Coarse Fly Ash: 2/1 Coarse Refuse / Coarse Fly Ash: 1/2 
0 1 2 3_5 6_9 10_13 14_16 0 1 2 3_5 6_9 10_13 14-16 
Aluminum <MDL 1.65 3.81 35.8 145 153 192 0.34 0.59 0.22 0.08 0.064 0.17 0.08 
Antimony 0.12 <MDL <MDL <MDL 0.02 0.03 0.05 <MDL <MDL 0.02 <MDL <MDL <MDL <MDL 
Arsenic <MDL <MDL <MDL <MDL <MDL <MDL <MDL 0.03 0.03 0.04 0.03 0.02 <MDL <MDL 
Barium <MDL 0.04 0.03 0.025 0.02 0.02 0.01 0.18 0.12 0.09 0.05 0.03 0.02 0.03 
Beryllium 0.001 0.004 0.008 0.05 0.08 0.05 0.05 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Boron 107 54 28.5 10.5 4.84 2.99 3.93 31 67.5 99.9 44.6 15.4 6.46 3.72 
Cadmium <MDL 0.02 0.02 0.03 0.006 0.02 0.02 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Calcium 626 756 607 619 608 556 543 1070 886 798 732 744 694 438 
Chromium 0.23 0.03 <MDL 0.05 0.14 0.33 0.76 <MDL 0.06 <MDL <MDL <MDL <MDL <MDL 
Cobalt 0.47 0.43 0.49 0.53 0.25 0.14 0.18 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Copper 0.6 0.39 0.22 0.47 0.76 2.45 1.89 0.006 0.17 0.13 0.14 0.04 0.01 0.03 
Gold <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Iron 4440 129 110 265 515 764 912 <MDL <MDL <MDL <MDL <MDL 0.86 0.02 
Lead 0.05 <MDL 0.01 0.02 0.02 0.07 0.08 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Lithium 3.88 0.58 0.25 0.19 0.14 0.11 0.14 4.73 0.71 0.56 0.29 0.17 0.16 0.08 
Magnesium 269 232 144 68.1 30.7 23.9 35.5 0.03 50.3 131 122 68.7 36.9 31.4 
Manganese 41.2 9.44 9.77 10.2 6.16 5.92 10.3 <MDL 0.01 0.17 0.37 0.3 0.34 0.48 
Nickel 5.26 1.53 1.58 1.37 0.87 0.73 0.9 <MDL 0.01 0.01 0.01 0.01 0.01 0.008 
Phosphorus 0.36 0.06 0.03 <MDL <MDL 0.05 0.89 0.23 0.02 0.02 0.035 0.03 0.04 0.15 
Potassium 36.3 11.4 5.9 4.71 2.74 29.8 8.13 112 17.8 11.2 5.58 4.51 7.4 7.45 
Selenium <MDL <MDL <MDL <MDL <MDL <MDL <MDL 0.011 0.014 <MDL <MDL 0.012 <MDL <MDL 
Silicon 10 14.2 27.3 44.9 39.2 28.9 54.3 0.57 2.44 2.99 3.94 4.17 6.23 5.58 
Silver 0.02 0.006 <MDL <MDL <MDL 0.006 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 0.003 
Sodium 289 59.2 16.4 14.9 8.76 6.79 28.6 277 37.4 18.7 10.9 15.7 70 47.5 
Strontium 1.03 2.06 1.33 1.2 0.88 0.74 0.44 2.94 1.43 1.43 1.12 1.04 1.03 0.74 
Sulfur 3640 1630 929 839 1085 1217 1743 626 <MDL 936 781 710 620 364 
Thalium <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Tin 0.03 <MDL <MDL <MDL <MDL <MDL 0.016 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
Vanadium <MDL <MDL <MDL <MDL 0.02 0.16 1.37 <MDL 0.03 0.02 0.01 <MDL <MDL <MDL 
Zinc 0.68 0.52 0.57 1.21 1.32 2.37 2.25 0.06 0.03 0.1 0.01 0.01 0.01 0.05 
Sulfate 12100 3290 2820 3270 4250 3060 4420 2450 2490 2520 2420 2530 1580 976 
Vol(ml) 112 130 127 369 507 488 368 109 114 116 315 420 468 633 
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Table 4.15. Comparison of total cumulative amounts (in mg) of major and minor 
elements leached from coarse refuse (CR) and fly-ash (B2) samples and from 2:1 and 1:2 
mixtures of them in dynamic and static leaching tests. 
CR% 100 67 33 0 
FA% 0 33 67 100 
Elements 
Dynamic Static Dynamic Static Dynamic Static Dynamic Static 
Aluminum 99.7 2.8 232.7 0.1 0.3 0.2 0.6 2.1 
Antimony 0.2 0.0 0.1 0.0 0.0 0.0 0.1 0.0 
Arsenic 8.7 0.0 0.0 0.0 0.0 0.0 0.1 0.0 
Barium 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.0 
Beryllium 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
Boron 9.4 0.4 31.9 15.5 48.6 0.3 72.2 0.1 
Cadmium 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Calcium 240.2 70.9 1253.3 72.8 1455.3 78.5 685.3 0.1 
Chromium 1.2 0.0 0.6 0.0 0.0 0.0 0.7 0.0 
Cobalt 0.9 0.0 0.6 0.0 0.0 0.0 0.0 0.0 
Copper 1.3 0.1 2.6 0.0 0.1 0.0 0.0 0.0 
Gold 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Iron 4812.5 95.2 1595.4 0.3 0.4 0.0 0.0 0.0 
Lead 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
Lithium 0.3 0.1 0.8 0.1 0.9 0.2 1.7 0.5 
Magnesium 105.8 28.0 144.0 51.6 125.4 0.3 98.3 0.0 
Manganese 24.7 9.1 20.6 2.0 0.7 0.0 0.0 0.0 
Nickel 3.5 0.2 2.6 0.0 0.0 0.0 0.0 0.0 
Phosphorus 13.7 0.0 0.4 0.0 0.2 0.0 0.1 0.0 
Potassium 32.1 1.1 27.0 1.4 27.4 9.1 75.9 38.4 
Selenium 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Silicon 29.0 6.4 77.0 2.2 10.1 0.3 11.9 0.5 
Silver 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Sodium 76.3 37.0 65.9 8.1 109.5 15.8 75.8 25.8 
Strontium 1.1 0.2 2.0 0.2 2.4 0.5 1.7 0.0 
Sulfur 3758.0 187.4 2832.6 130.4 1241.6 78.3 584.0 1.2 
Thalium 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tin 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Vanadium 0.1 0.0 0.6 0.0 0.0 0.0 0.3 0.0 
Zinc 2.2 0.2 3.3 0.0 0.1 0.0 0.0 0.0 
Sulfate 10110.2 578.2 8622.3 293.5 4025.4 159.5 1662.0 3.9 
TM 5463.3 251.7 3461.6 154.2 1781.5 105.4 1024.9 67.6 
TM = total metals leached (Σ of all elements except sulfur). 
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Table 4.16. Comparison of percentage trends for major and minor elements leached from 
coarse refuse (CR) and fly-ash (B2) samples and from 2:1 and 1:2 mixtures of them in 
dynamic testing.  Each element is normalized to the maximum amount of the element 
leached in the four different tests. 
CR% 100 67 33 0 
FA% 0 33 67 100 
Aluminum 43 100 0 0 
Antimony 100 31 1 41 
Arsenic 100 0 0 1 
Barium 47 38 91 100 
Beryllium 39 100 0 0 
Boron 13 44 67 100 
Cadmium 100 26 0 0 
Calcium 17 86 100 47 
Chromium 100 49 1 58 
Cobalt 100 72 0 0 
Copper 51 100 5 1 
Gold 0 0 0 0 
Iron 100 33 0 0 
Lead 100 78 0 0 
Lithium 19 45 54 100 
Magnesium 73 100 87 68 
Manganese 100 83 3 0 
Nickel 100 75 1 1 
Phosphorus 100 3 1 1 
Potassium 42 36 36 100 
Selenium 0 0 100 13 
Silicon 38 100 13 15 
Silver 95 100 32 0 
Sodium 70 60 100 69 
Strontium 44 82 100 69 
Sulfur 100 75 33 16 
Thalium 100 0 0 0 
Tin 100 78 0 67 
Vanadium 20 100 2 46 
Zinc 67 100 2 1 
Sulfate 100 85 40 16 
TM 100 63 33 19 
TM = total metals leached (Σ of all elements except sulfur). 
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The maximum leaching effectiveness for each element in the four leaching experiments 
with different ratios of coarse refuse and fly-ash is summarized in Table 4.16.  It can be 
seen that most elements exhibit maximum mobility in the test on the 100% coarse refuse. 
   
Table 4.17.List of elements most effectively leached in the different kinetic experiments 
on mixtures of coarse refuse (CR) and fly ash (B2) 
%Coarse Ref. %FlyAsh Elements maximally leached in test 
100% CR 0% B2 Sb, As, Cd, Cr, Co, Fe, Pb, Mn, Ni, P, S, Th, Sn, SO4 
67% CR 33% B2 Al, Be, Cu, Mg, Si, V, Zn, Ag 
33% CR 67% B2 Ca, Se, Na, Sr 
0% CR 100% B2 Ba, B, Li, K 
 
Furthermore, the elements that are most mobile in the 100% coarse refuse dynamic test 
are those elements expected to be associated with pyrite or other sulfide minerals in the 
coal refuse, viz. chalcophilic elements such as Sb, As, Cd, Co, Fe, Pb, Mn, Ni, and Th.  
Sulfur exhibits maximum mobility in this test, which also reflects the rapid solubilization 
of pyrite.  In particular, for these chalcophilic elements, there are huge differences in their 
apparent mobility between the test on 100% coarse refuse and the test on the 1:2 mixture 
(33% CR) of coarse refuse and fly ash (Figure 4.27).  Furthermore it is clear that the 
reductions for many individual elements, particularly the chalcophilic elements (Fe, As, 
Pb, Cu, Ni, Zn), are significantly greater than those that would be anticipated based solely 
on the mixing ratio. 
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Figure 4.27. Comparison of the relative percentages leached of chalcophile elements in 
different tests involving mixtures of coarse coal refuse (CR) and a fly-ash (B2). 
 
Such results are a convincing validation of the effectiveness of adding fly-ash to mitigate 
the leaching of hazardous elements from coal wastes.  It would appear that the strategy of 
mixing the acid-forming coal refuse wastes with alkali-forming fly ash to generate near 
neutral pH solutions might be highly effective in minimizing the mobility of trace metals, 
especially storage of the combined waste streams under water. 
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5 CONCLUSIONS AND RECOMMENDATIONS  
 
5.1 Summary 
 
To assess strategies aimed at minimizing the release of trace elements from coal waste 
sources, two long-term leaching experiments of up to five months duration were 
performed using waste materials from two plants cleaning high and low sulfur 
bituminous coals. The tests evaluated the mobility of major and trace elements under 
different disposal scenarios: (i) a static leaching test designed to simulate the quiescent 
conditions encountered by coal waste material stored under water in a stable 
impoundment, and (ii) a dynamic test to simulate waste materials exposed to the 
atmosphere, either in variable wet/dry storage conditions, or in unusual circumstances 
like those resulting from breaching of an impoundment containment wall. The results 
indicate that the mobility of most elements is highly dependent of the mineralogy of the 
coal waste streams and how the different minerals are concentrated in those streams. Of 
the samples investigated, the high pyritic coarse refuse sample had the highest amount of 
pyrite and in contact with water generated acidic pH conditions and released higher 
amounts of trace elements compared to the other streams. On the other hand, the high 
pyritic spiral refuse and thickener underflow streams had higher amounts of alkali and 
alkaline earth elements which neutralize the pH and retard acid generation and release of 
trace elements. Alkali and alkaline earth element are readily solubilized in the water and 
retard pyrite oxidation, acid mine generation, and release of trace elements as well as they 
buffer the pH of the solution. Also the mobility of most of trace elements are enhanced 
under highly alkaline or acidic conditions with a few being mobilized under both 
conditions, suggesting that the minimization of element mobility requires the pH value of 
the medium to be maintained around neutral. Therefore two strategies have been 
examined: (i) how to modify rejects from coal cleaning to enhance the buffering 
capabilities of leachable alkali and alkaline earth metals so as to minimize the rates of 
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leaching of hazardous trace metals; and (ii) to discover possible synergistic and 
antagonistic effects between the leaching of metals in fly-ash and coal cleaning rejects so 
as to identify coal-cleaning and waste disposal strategies that might be used to minimize 
the rates of leaching of metals from these materials. Regarding the first strategy, co-
disposing coarse and fine refuse for the high-sulfur Indiana coal was found to be an 
effective method to control and keep the pH of the solution near neutral and thus 
minimize trace element mobility. The co-disposal strategy was found to reduce the 
mobility of trace elements in the static leaching tests, whereas the opposite was found 
from dynamic experiments. The results indicate that such controlled storage under water 
could retard acid generation and the mobility of trace elements. Also there is critical ratio 
of thickener underflow to coarse refuse in order to apply the buffer capability of thickener 
underflow to control the pH of mixed solution. For the second strategy, it has been found 
that using fly ash could be another effective method to minimize the release of the trace 
elements since it has high content of alkali and alkaline earth elements. In case of static 
condition, 33% F type fly ash was able to neutralize the pH of highly acidic coarse refuse 
solution since pyrite is less oxidized in this condition and also all the alkali and alkaline 
earth elements leached from fly ash stay at the solution, however in dynamic condition, 
higher amount of fly ash (67%) are needed to neutralize the pH which might not be 
economic. 
 
In conclusion, the best strategies among all the scenarios was storage either coarse co-
disposed coarse refuse and thickener underflow or treated coarse refuse with fly ash 
under water. These strategies result in retarding pyrite oxidation, acid mine generation 
and release of the trace elements. 
 
Comparison of conductivity and trace elements released during the leaching tests on the 
refuses samples of two high pyritic 5-B central seam, IN, and relatively low pyritic 
oxidized Coalburg seam, WV, revealed that pyrite content has a significant effect on 
conductivity and release of trace elements. Therefore, it is suggested to segregate pyrite 
from coal waste streams by using some processing units like spiral or multigravity 
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separator (MGS), and then storage pyrite part separately, somehow it’s prevented from 
oxidation. This could be the best strategy to minimize release of the trace elements and 
meet the requirement for the EPA regarding the conductivity of the impoundment in 
Appalachian coal mines.  
 
5.2 Recommendations for future work 
 
It is suggested the same tests and measurements will be performed on the different coals 
and C type fly ash, and engineering properties of the treated coal samples and co-
disposed samples will be assessed. 
  
Since pyrite has a significant unfavorable role in conductivity and release of trace 
elements in coal waste impoundments, it is suggested that amount of mineral matter sent 
to the processing plant be minimized by using separation technologies such as dry air 
table and ore sorters at the mine site and storing the waste material in the underground or 
some other environmentally acceptable locations. This separation may not only decrease 
the haulage cost but also decrease the processing cost and environmental problems 
regarding the contact of pyrite with water and acid generation, release of trace elements. 
 
Also, it is suggested that liberation study will be performed on coarse refuse stream to 
separate pyrite and then by using spirals or multigravity separators pyrite is separated 
from coal waste streams and the environmental sensitive fraction (contain pyrite) will be 
treated separately using solidification and stored separately by using impermeable covers. 
For the environmentally insensitive fraction co-disposal scenario can be applied. 
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APPENDIX 
 
 
 
A. Removal of hexavalent chromium from a Class F fly-ash 
 
Chromium is regarded as a potentially hazardous element in coal-derived fly-ash mainly 
because some of it may be in the hexavalent oxidation state (Meij and te Winkel, 2001; 
US EPA, 2009).  In U.S. coals of bituminous rank, chromium is generally present in one 
of two trivalent chromium forms: as a minor component in clay minerals, such as illite, or 
as small-particle oxide or oxyhydroxide minerals associated with the organic macerals 
(Huggins et al., 2000).  This latter species are postulated to have derived from Cr(III) 
bonded to carboxyl groups, which have decomposed as the coal experienced increasing 
metamorphism (coalification) (Huggins and Huffman, 2004).  Occasionally, Cr in coal 
may also be found in oxide (spinel) phases, especially in coals of above average Cr 
contents; such occurrences, however, appear limited to situations in which weathering-
resistant chromium minerals, such as chromite, have been transported into coal-forming 
environments from nearby ultramafic deposits (e.g. Brownfield et al., 1995; Ruppert et 
al., 1996). 
 
During pulverized coal combustion, chromium-bearing minerals transform and react with 
other mineral-derived components to form chromium-bearing crystalline phases and glass 
(Stam et al., 2011).  In the process, a small fraction of the Cr is usually oxidized from 
Cr(III) to Cr(VI).  It has been noted (Huggins et al., 1997; Stam et al., 2011) that the 
Cr(VI) content of Class C fly-ash, which is generally derived from low-sulfur, lower-rank 
coals, is often higher than that of Class F fly-ash, usually derived from combustion of 
high-sulfur, higher-rank coals, and it has been suggested that alkaline earth elements, 
which are more abundant in Class C fly-ash, may play a role in stabilizing the Cr(VI) 
oxidation state due to formation of sTable chromates such as CaCrO4 or BaCrO4.  
Alternatively, based on theoretical and experimental studies reported in the literature 
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(Linak, et al., 1996), the greater presence of SOx in the combustion environment for 
higher sulfur coals may serve to impede the oxidation of Cr(III) species. 
 
As a rule, Cr(VI) compounds are generally more soluble and bioavailable than Cr(III) 
compounds and, because the Cr(VI) oxidation state has been implicated in various health 
problems, including carcinogenesis and mutagenesis, they pose a greater threat to human 
health (Wiegand et al., 1987).  Hence, the oxidation state of chromium in coal-derived 
fly-ash and its behavior in disposal situations are important factors to establish in 
assessing the environmental risk posed by chromium in fly-ash.  
 
In this research, we determine the percentages of Cr(VI) in coarse and fine samples of a 
Class F fly-ash using X-ray absorption fine structure (XAFS) spectroscopy and 
demonstrate that such species become less abundant upon exposure of the fly-ash to 
water.  Such spectroscopic measurements are complemented by ICP-AES determinations 
of chromium concentrations in leachates obtained in two types of leaching test.  The 
combination of these methods indicates that Cr(VI) is not only removed directly by 
leaching when exposed to water, but can also undergo reduction to Cr(III) while being 
retained in the ash.  We believe that this is the first time that such competing mechanisms 
for removal of Cr(VI) from fly-ash under simulated disposal conditions have been 
identified in the absence of an external reducing agent. 
 
Ultimate and chemical analytical data for major elements in the two fly-ash samples 
(Coarse and fine fly-ash samples) are listed in Table 4.5.  Particle-size distributions for 
the two samples, determined by the CILAS 1046 laser particle-size analyzer, are shown 
in Figure 4.5.  As can be seen, the size distributions for both samples are slightly 
bimodal.  The particle-size distribution for the coarse sample (B2) is a maximum at about 
50 μm, whereas the maximum for the fine sample (B18) occurs at about 6 μm.   
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Chromium XANES spectra are shown in Figure A-1 for the two fly-ash samples before 
and after the nineteen-week leaching treatments.  The spectra show relatively similar 
features, with the exception of the pre-edge region highlighted in the insets to the figures.  
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Figure A-1. Cr XANES spectra before (Original) and after the two leaching tests (ASTM, 
Base) on the two fly-ash samples.  Insets show details of pre-edge peaks at 5991 and 
5993 eV.  Spectra are offset vertically by 0.4 absorption units in the main plot, but not in 
the insets.  
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The original and leached amounts of Cr(VI) listed in Table A.1 were estimated from the 
heights of the two pre-edge peaks using the method previously described specifically for 
coal-derived fly-ash (Huggins et al., 1999).  For the coarse sample (B2), about 6 ppm 
(4.6%) of the total chromium was present initially as Cr(VI), compared to about 14 ppm 
(8%) for the fine sample (B18).  Both samples showed significant reductions in the 
intensity of the peak at 5,993 eV at the conclusion of the leaching experiments. 
 
Table A-1. Data for Cr in fly-ash from ICP-AES and Cr XANES measurements 
 
Total Cr, 
ppm, by 
ICP-AES 
%Cr(VI) from 
XAFS 
LSQ fitting 
Cr(VI) in 
ash 
ppm 
Cr(VI) 
removed 
Ppm 
B2 Orig. 135 4.6 6.2 -- 
B2 Base 
 
3.0 4.1 2.2 
B2 ASTM 
 
1.1 1.5 4.7 
B18 Orig. 171 8.0 13.7 -- 
B18 Base 
 
1.8 3.1 10.6 
B18 ASTM  1.4 2.4 11.3 
Est. error ±10 ±1 ±2 ±2 
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The amounts of chromium leached from the coarse fly-ash in the kinetic (ASTM) test 
based on ICP measurements of chromium in the leachates are shown in Figure 6.2. 
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Figure A-2. Results for leaching of chromium from the coarse fly-ash in the kinetic 
(ASTM) leaching test.  Curves are shown for the batch and the cumulative amounts 
leached over the 19-week period.  Also shown are the estimated Cr(VI) concentration in 
the original sample and the amount of Cr(VI) removed during the entire leaching test 
based on the chromium XANES determination of the percentages of Cr(VI) in the fly-ash 
before and after the leaching test.  Also shown are intervals corresponding to the amount 
of Cr(VI) remaining in the ash and the amount of Cr(VI) chemically reduced to Cr(III), 
assuming all the leached chromium is Cr(VI). 
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Leachates from the fine fly-ash sample were not collected under the kinetic test 
conditions.  Over the course of the 19-week leaching test, approximately 0.7 mg of 
chromium was leached from the 200 g of the coarse fly-ash.  This amount corresponds to 
about 3.5 ppm of leached chromium, somewhat less than the estimated reduction (4.7 
ppm) in Cr(VI) based on the chromium XAFS spectra (Table A.1).  The amounts of 
chromium leached from 200 g of fly-ash during the baseline tests were much less: 
approximately 0.01 and 0.02 mg for the fine and coarse samples, respectively.  The 
difference in the amounts of leached chromium between the two types of test suggests 
different behavior for Cr(VI) in the two tests.  Whereas the weekly exposure to new 
batches of de-ionized water during the kinetic test ensures that Cr(VI) is leached from the 
fly-ash, the static conditions of the baseline test do not lead to removal of chromium from 
the fly-ash.  Instead, such conditions appear to promote the in situ reduction of Cr(VI) in 
fly-ash to Cr(III), rather than the leaching of Cr(VI).  In addition to chromium, other 
elements in the coarse fly-ash, notably sulfur, boron, and the alkaline earth elements, also 
showed major differences in the fractions leached between the two types of tests (Rezaee, 
et al., unpublished data). 
 
Figure A.3 summarizes the results of the behavior of Cr(VI) in the coarse and fine fly-ash 
samples in the two leaching tests.  The key difference between the two types of test is in 
the amount of chromium removed by leaching.  Whereas this mechanism is dominant for 
removal of Cr(VI) in the kinetic (ASTM) test, it does not appear to be significant in the 
baseline test; rather, the in situ reduction of Cr(VI) to Cr(III) dominates. 
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Figure A.3. Estimated amounts (ppm) of original hexavalent Cr (i) reduced to Cr(III) and 
remaining in the fly ash, (ii) removed by leaching from the fly ash, and (iii) remaining in 
the fly ash as Cr(VI) after exposure of coarse and fine Class F fly ash samples to water in 
the kinetic (ASTM) and baseline leaching tests for more than 4 months.  Undifferentiated 
(leached + reduced) data are shown for the fine fly ash in the kinetic test because periodic 
leaching measurements were not made for this sample.  
 
 
 
 
 
 
120 
 
Vita 
 
Mohammad Rezaee was born in Esfahan, Iran on June 28, 1983. He received the 
Bachelor of Science in Mining Engineering from Tehran Polytechnic University, Iran, in 
2009. As a mining engineer, he worked two years in a mining consultant company and 
involved with mine design and production planning, support system design and stability 
analysis of underground construction projects. He then attended in University of 
Kentucky where he received the Master of Science in Mining Engineering and involved 
in different mineral and coal processing projects as a research assistant. He is currently a 
PhD candidate at University of Kentucky Mining Department. His Master research 
results in several publications and an award follow: 
 
F. E. Huggins, L. B. A. Seidu, N. Shah, J. Backus, G. P. Huffman, and R. Q. Honaker, 
2012. Mobility of elements in leaching tests on Illinois #6 coal rejects. Int. J. Coal Geol. 
94, 326-336.  
 
M. Rezaee, F. E. Huggins, R. Q. Honaker, Development of strategies to minimize the 
release of trace metals from coal-waste impoundments. Poster Presentation, 2nd Annual 
Environmental Showcase, University of Kentucky, 3rd November, 2011.  
 
M. Rezaee, F. E. Huggins, R. Q. Honaker, Development of strategies to minimize the 
release of trace metals from coal-waste impoundments. Poster Presentation, SME Annual 
Meeting, Seattle, Washington, 19-22 February, 2012.  
 
M. Rezaee, F. E. Huggins, R. Q. Honaker, Strategies to Minimize the Release of Trace 
Elements from Coal Waste Sources, Abstract, Annual Meeting, Denver, Colorado, 
February, 2013.  
 
M. Rezaee, M.Sc Thesis, “Development of Strategies to Minimize the Release of Trace 
Elements from Coal Waste Impoundments”, Department of Mining Engineering, 
University of Kentucky, January 2013.  
 
M. Rezaee, F. E. Huggins, and R. Q. Honaker, 2013. Minimizing the environmental 
impact of coal waste disposal. In: Environmental Considerations in Energy Production 
(ed. J. R. Craynon). SME Publication, Englewood, Co., pp. 60-76.  
 
F. E. Huggins, M. Rezaee, R. Q. Honaker, J. C. Hower, On the removal of hexavalent 
121 
 
chromium from a Class F fly ash, to be re-submitted to Chemosphere. 
 
Award for Best Poster Presentation: poster titled with “Development of strategies to 
minimize the release of trace metals from coal-waste impoundments” was awarded First 
Place for the best Graduate Student Poster in the Education Sustainability Task Force 
Contest at the SME Annual Meeting in Seattle, Washington, in February, 2012.  The title 
of his The Contest was sponsored by Alpha Natural Resources. 
 
 
 
          
            
 
